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Majority Decision Functions of Six Variables’ 


Iwao TODA,}| Mamoru KONDO,} and Saburo MUROG Ai 


A method to obtain all majority decision functions is described. A majority decision 
function is a logical function which can be represented by a single majority decision ele- 
ment, such as a parametron or a magnetic core. 


It is shown that given a majority decision function, its canonical representative can easily 
be determined from the intrinsic properties of majority decision functions. 

Thus we can obtain a set of possible condidates for the canonical representatives which 
contains all of the true representatives. Then we can pick up all the true representatives 
from these candidates by a method of linear programming. 

The method proposed is proved to be quite efficient as compared with the conventional 


method. 


By this method a table of all the majority decision functions of six variables is obtained 
together with their optimum structures. Also, several properties of majority functions which 


have been induced from the table are given. 


1. Introduction 


Recently, in the field of electronic com- 
puters there have been widely adopted ma- 
jority decision logical elements such as para- 
metrons and magnetic cores, whose operation 
is based upon the principle of majority de- 
cision among input quantities. 

It is easily shown that with the concept 
of coupling weights of input variables intro- 
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duced by one of the authors the majority 
decision element can be generalized to include 
so-called threshold logical elements.‘*? Hence 
majority decision elements are now considered 
to be important elements for the realization 
of logical networks. 

One of the prominent features of majority 
decision elements is that a single majority de- 
cision element can represent a wide variety 
of complex logical functions with a slight 
change of its structure“? Recently a 
hypothesis was proposed that the great dis- 
crepancy between the memory capacity of a 
human brain and the number of neurons in 
it is attributed to this property of majority 
decision elements. 

Considering this importance of majority 
decision elements, we have reported a series 
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of studied on the majority decision function, 
which is a logical function represented by a 
single majority decision element.?™ 

There rather restricting necessary con- 
ditions for majority decision functions‘ have 
been obtained. Also a way to decide by the 
method of linear programming whether a 
given logical function is a majority decision 
function and at the same time obtain an 
optimum structure of the majority decision 
element realizing the given function has been 
proposed.‘* 

From the above we can gain a lucid in- 
sight into the properties of the majority de- 
cision function, but the criterion of the ma- 
jority decision function by linear programming 
is too mechanical to believe we have establish- 
ed sufficient conditions for the majority de- 
cision function satisfactorily. 

With this sufficient condition as the nucleus 
there exist several problems to be solved. In 
this stage of research it is concluded that it 
is profitable to tabulate all the majority de- 
cision functions of several variables from both 
the practical and the theoretical points of 
view. This is a main motive of this study. 

The table of all majority decision functions 
of the variables equal to or less than five 
has already obtained by one of the authors. 
“) Therefore all majority decision functions 
of six variables were sought in this study. 

S. Muroga® obtained all of the majority 
decision functions of five or less variables by 
picking up the distinct functions among all the 
functions generated under the condition that 
the total number of coupling weights does 
not exceed some prescribed number. This 
method, easily programmed on an electronic 
computer, has the defects that it cannot be 
guaranteed to be able to obtain all the ma- 
jority decision functions, and that the same 
function may be generated a number of times 
slowing down the computing speed. To apply 
this method for the case of six variables 
would require much time and is almost im- 
practicable. 

To eliminate this difficulty a new method 
is proposed in this study. This method of 
obtaining all majority decision functions of 7 
variables consists of two stages. In the first 
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stage a set of possible candidates for the 
canonical representatives, which contains all 
of true representatives, are obtained by making 
use of the table of the majority decision 
functions of 7-1 variables and of the proper- 
ties of majority decision functions of ” vari- 
ables. In the second stage each possible candi- 
date is tested to see if it is a true candidate 
by the method of linear programming. This 
method, which never misses any canonical 
representative, is quite efficient; for example, 
all the candidates of six variables were proved 
to be true representatives, and it is easily 
programmed on an electronics computer. 
Actually we obtained the table of majority 
decision functions of six variables with the 
aid of the parametron computer, MUSASINO- 
1, in our laboratory. 

Canonical representatives of majority de- 
cision functions, a procedure to obtain all the 
majority decision functions, and a table of 
majority decision functions of six variables 
with their optimum structures are discussed 
in the following sections. 


> 


2. Majority Decision Element and 
Majority Decision Function 


A majority decision element of 7 variables 
is a logical element with 2 Boolean inputs, 
X, X2*++++-xX,, and one Boolean output, which is 
an output one for those combinations of inputs 
satisfying (1.a) below and an output zero for 
those combinations of input satisfying (1.b): 


(1. a) 
Gaia) 


where w; is a prescribed constant called the 
“coupling weight” associated with the input 
X; and T is also a prescribed constant called 
the “threshold.”©P@ 

For parametrons or magnetic cores the 
coupling weight w,; corresponds to the number 
of turns of the winding for the input 4%. 
The threshold T is related to w, of the 
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constant input by the relation shown below: 
n 
We= Y, Wwi+1—-—2T (2) 
i=1 


where W.>0 means the constant of one is 
added to the element and W.<0 means the 
constant is zero. 

As a majority decision element can be 
completely determined by +1 real numbers 
W 1, Wo, ss ,Wn:T, a set of m+1 real numbers 
(wy, Wo, ,Wr:T) will be called a structure 
of the majority decision element. 

A logical function which a single majority 
decision element represents is called a ma- 
jority decision function. 

For example, a majority decision element 
with the structure [2, 1, 1:2] denotes the 
logical function 2;%2x3, hence this function 
is a majority decision function by definition. 
On the other hand, 2;2.+2324 is not a ma- 
jority decision function, for it can never be 
realized by any single majority decision ele- 
ment. 


_ 3. Properties of Majority Decision 
Functions 


In this section various properties of ma- 
jority decision functions which will be utilized 
in this paper are quoted without proof. The 
proof will be found in ref. (2) and (3). 
Throughout this section the structure of a 


majority decision function /(%, ---+*- ,Xn) will 
be denoted by [w, ws, +--+ Sbnel |e 

1) The function /(%, ++ ,Xn) derived from 
a majority decision function f(%, +--+: in DY: 


negating zx, is also a majority decision func- 
tion and can be realized by the majority de- 


cision element [—w, we, + Wn: T—W1) 

2) If w,>0, w2>0, «+++ , Wn>0; then f(m, -- 
.-%,) can be expressed as a polynomial of 
Ha, Xo, c280"° .%, without any negated variables. 
Such a polynomial will be called a positive 
polynomial in x, %, +++ ses 


From 1) and 2), it can be seen that we 
are concerned solely with those majority de- 
cision functions such that w,>0 for each 2, 
or with those majority decision functions of 
positive polynomials in %, %, +++ ,Xn. Only 


Y 
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such majority decision functions will be con- 
sidered throughout this section. 

3) A positive majority decision function 
can be expressed as 


INCE no aay i) =e, ome Xn) %, +N, babe ’ Ky) 
(3) 
where M and N are both positive majority 
decision functions in 2%, x3, --++* Mrs 
A) Tf w,>woe, we, wn; then 
Mn, oie leieiste , Ge) > N(x, Bie sais ; 55) (4) 


holds, where = denotes the implication re- 
lation of Boolean functions.“ 
5) Define the binary relation x;>«; for any 


positive logical function g(m, +++ ,x) to mean 
that 
See ae! 
2K, Ss il Sos 0, Xin) 2 oh, pee 0, ae IL, pans Xn) 
(9) 


holds. Then this relation can be shown to 
be a partial ordering; namely, if x;>22 and 
Lo>2x3, then x:>23 follows. 

For completeness, 


Ki ~~ Xj (6) 


will be defined. 

6) For all the input variables of a ma- 
jority decision function the relation defined 
in 5) is a total ordering and is homomorphic 
to the ordinal relation of w’s as real numbers. 


That is: 


if W, > Wo, Sais oye @&) 
and tf Wy — WW, Xi WX. (8) 
7) Nh me ,2=%, for majority a de- 
cision function f(%, ---* Xn); namely, w,>w.> 
S000 , Wn; then: 
ji Ge arenes ; XG) = NW Ge, AoDONG : Xn )x%,+N Ox, eateyetele . en 
(9) 
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DI Ng, es Xn) = My (Ka, oo" Xn) X2 
+ ms (x?, panies ’ Xn) 
(10) 
NO, maine ate Xn) = (%; eens Xn) X2 
+ Ny (X3, eeeeee Gn ) 


where 7, ™2, 1, M2 are positive majority 


decision functions in 4%, %4, 7°" x, for which 
M, D> Mz DN D Np at) 
holds. 

8) Denoting the dual function of f(%,---: 
56>) by i Cre Anwood eae if HEB dieleaee 5 Nea) is a ma- 
jority decision function then /*(%, +--+ ,Xn) 18 
also a majority decision function with the 

nw 
structure of E teense ytUns x wi—T+1 } 
ge 


9) For a majority decision function either 


i Deen OC af (12) 
is true. In the former case w, defined in (2) 
is positive and in the latter case w. is ne- 
gative. 


4. Criterion of a Majority Decision 
Function and Determination of 
its Structure 


In this section a method of determining 
whether a given logical function is a majority 
decision function or not is discussed. <A de- 
tailed explanation of this section is found in 


ref. (5). 


A logical function g(x, -+--+ ,%n) 1S a map- 
ping which gives one or zero for all 2” com- 
binations of input variables x, ---.-- ee 


If it is a majority decision function, there 
exists a set of +1 real numbers wy, wo, «+--+ 
Ww», TI for which 


n 
w,X; = ae (alSiva) 
=1 


1 


is true for those combinations of inputs that 
given an output one and 


C3.b) 


t 


n 
Wirt < T—1 
=1 
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is true for those that give an output zero. 
The term (—1) on the right-hand side of 
equation (13.b) is a normalizing factor, in- 
serted to eliminate the ambiguity of constant 
multipliers for the w’s and J, which follows 
from definition (1). 

For any one combination of inputs, either 
(13.a) or (13.b) holds, so that 2” inequalities 
for the w’s and JT are obtained. An example 
of this is shown as follows: 


Wy We +---°*° +Wn = T 
W 1gees22t- Wy oa 
(14) 
W,+W2 < T-1 
0< T-1 


It is clear that if the system of inequalities 
has a finite solution, g(x, --+-: ,Xn) 1S a Majori- 
ty decision function and that the solution 
gives a structure to realize g(x, ---+: pias 

Given a system of inequalities, the existence 
of its solution can be investigated without 
serious difficulty. But the problem of pre- 
dicting its existence directly from the logical 
function g(x, --+ ,x,) has not yet been solved. 

Among 2” inequalities redundant conditions 
can be removed by the following procedure. 


Procedure 4.1. 


Let X= (™, x, AOAC Xn) and Xo= (4, 
HQ verve ,X%,) be two combinations of inputs 
for which g(n, ----+ ,Xn) gives an output one. 
Each component of X, and X, is either one 
or zero. Suppose x;,=x,© for i=iy, tp, +--+ nates 
and x,;a%;0 for ii), to, +++ yim. From the 
function gi (xj, , «+++ ,X;,.) by substituting x;= 
4, for Peas , bm INtO gy, =" itn). Sine 
larly from the function gy(xj,,-.-+ ia) e DY: 


substituting x;=x;@ for tlt toy none Pas 
Remove the inequality in (14) correspond- 
ing to X, if g,>g@ holds. 

Next let X, and X, be two combinations 
of inputs which make g(x, +--+ ,Xn) zero. De- 


 — 
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fine g; and g) in the same manner described 
above. Then remove the inequality corres- 
ponding to X2 if g;Cg» holds. 

Repeat the above procedure for all possible 
pairs Of X,-and X,. 

By this procedure we can reduce the 
number of inequalities to some extent. The 
system of inequalities reduced in this manner 
will be called the reduced system of inequali- 
ties of g(x, +++ Stade 


For example, let g(x, --«-- ha) = Hye hy 
X14 X4 + X2X3, Xeo= (At lis 1D Mo= Ale 1. 0. 0), C= 
(0.1.1.0), each of which makes g(x, +--+ <r) 


one. In comparing X, with X2, g,=1 and » 
=%1%2; therefore the inequality of X, can be 
dispensed with. Comparing X, with X3, we 
obtain ge=2%2+24, g3=2x2 and go™g;, so that 
the inequality for X; can be removed. Re- 
peating this procedure the initial 2*=46 in- 
equalities can at last be reduced to five in- 
equalities in this example. 

In realizing a majority decision element, it 

is quite desirable to find an optimum structure 
for the given function in some _ prescribed 
sense, for example with a minimum number 
of windings in the case of parametrons and 
magnetic cores. 
When a given majority decision function 
is positive, the total number of windings in- 
cluding the windings for the constant input 
is represented as: 


2T—-1 (we<0) 


K= JF wit! we =F n 
t=1 l2( 2 Wi — T)+1 (wWe=0) 
\ 1=1 


Gis») 


Then the problem to be solved can be 
stated as follows. 


Problem 4.1. 

Find a set of wy, -+-* , Wn, I that minimizes 
the number of the total coupling weight K 
under the condition that they must satisfy 
the reduced system of inequalities for the 
given function. 

This is apparently a typical example of 
linear programming, and can be solved ef- 
fectively. 
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If the given function is not a majority de- 
cision function, the systemof inequalities has 
no solution and therefore Problem 4.1. has 
no solution. 

Thus we can decide whether a given func- 
tion is a majority decisiou function according 
to the existence of the solution of Problem 
ALL 

When a solution does exist, the solution 
has the structure of the majority decision 
element that realizes the given function most 
economically. 

Practically, the ambiguity of the defining 
formula for K in (15) is out of question, for 
from property (8) in the preceding section 
we can tell beforehand the polarity of w. 
using the inclusion relation between g and g*. 


5. Classification of Majority Decision 
Functisiis 


The functions which can be derived from 
a given logical function by the operations 
given below are defined as equivalent func- 
tions of the original finction. 


Operation 5.1. 

1) Negation of input variables 

2) Permutation among input variables 

3) Negation of output. 

It is well known that logical functions can 
be classified into equivalent classes by this 
equivalent relation. 

It is readily proved that the function de- 
rived from a majority decision function by 
Operation 5.1. is also a majority decision 
function and that no majority decision function 
can be derived from any non-majority-decision 
function by the above operations. Therefore, 
the whole of the majority decision functions 
is an aggregate of several of the equivalent 
classes just defined. 

When the structure of one function in a 
certain equivalent class is known, the struc- 
tures of the rest can easily be obtained. 

The number of equivalent classes of logical 
functions of 2 variables becomes exceedingly 
small compared with the total number of the 
functions as 7 increases.‘ 

This holds true for majority decision func- 
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tions and it is much less laborious to deter- 
mine the structures of the representatives of 
the equivalent classes than to determine those 
of the whole of the majority decision func- 
tions. 

In the case of general logical functions, 
however, it is a difficult problem to extract 
one representative from an equivalent class 
but in the case of majority decision functions 
it is quite easy to define a canonical repre- 
sentative of an equivalent class from the 
intrinsic nature of majority decision functions. 
Moreover, when a majority decision function 
is given the canonical representative of the 
class to which the given function belongs 
can easily be determined. 

A method of determining the canonical 
representative of an equivalent class of ma- 
jority decision functions is shown below. 

From 1) and 2) in section 3 any majority 
decision function can be expressed as a po- 
sitive polynomial by suitable negation of input 
variables. If none of the variables is vacuous, 
the way of negation to obtain the positive 
polynomial from the given function is unique 
and hence by requiring the positive polynomi- 
al for the representative the ambiguity due 
to 1) in Operation 5.1. can be removed. As 
is easily seen, this condition is equivalent to 
the condition that the canonical representative 
is always realized by a majority decision 
element with positive coupling weights. 

The ambiguity due to 2) in Operstion 5.1. 
can be removed from properties 5) and 6) in 
section 3. All the input variables of a ma- 
jority decision function can be ordered by the 
relation =. By suitable permutation amang 
input variables it is always possible to rear- 
range the variables so that x, 1------ Xn 
holds. When no vacuous variable appears, 
this permutation can be uniquely determined 
except the permutations among; for example, 
Xyycce Bern for which Hyp Nar rrr Xm holds. But 
X~Hyrst+*+~Xm Means that the given function 
is symmetric with respect to the variables 
Hy, ttre ,%m, hence the function is invariant 
under any permutation among 4, -..--- em 
Therefore, the function for which Oss) Sannpun 
>x, holds is unique and can well be adopted 
as a representative. Of course this means 
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that W,>W2--- >W, holds for the representa- 
tive element. 

There exist now two functions in each 
equivalent class which satisfy the two con- 
ditions just imposed. We denote one of them 
by f the other is f*; that is, the dual function 
of f, Either f*2>f or f2f* holds between f 
and f* for majority decision functions from 
9) in section 3. Therefore if we choose either 
of the two conditions, the representative of 
the equivalent class is now uniquely fixed. 
Let the former condition be adopted, so as 
to simplify the target function K in Problem 
4.1. The condition f*2f means W.<0 from 
9) in section 3. 

Now it is shown that there exists a unique 
canonical representative in each equivalent 
class of majority decision functions which 
satisfies the following three conditions. 


Condition 5.1. 

1) A positive polynomial 
2) Sebo Oe Kn 

3) f*>f. 


6. A Method to obtain All Maiority 
Decision Functions 


With the preceding three sections as pre- 
liminaries a method is proposed here to ob- 
tain all majority decision functions. 

As described in section 4, it can be deter- 
mined by linear programming whether a 
given function is a majority decision function; 
and therefore, it is possible at least in princi- 
ple to obtain all majority decision functions 
by applying the criterion to all of 22" logical 
functions of variables. But it will require 
an impracticably large amount of time to 
solve 22” of linear programming for 7 of 
large values. 

Accordingly, a method is proposed to re- 
duce the number of functions to be tested by 
deleting those apparently non-majority-de- 
cision-functions from the properties of majori- 
ty decision functions and by picking up one 
candidate for each equivalent class. 

The conditions to delete the non-majority- 
decision functions must be simple enough to 
be programmed on an electronic computer. 
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From this point of view, the first condition 
chosen is that condition 5.1. must be defined 
for each candidate. This is quite natural from 
the policy that only canonical representatives 
are tested by linear programming. 

A positive majority decision function of 1 
variables can be represented as Mz,+N 
where M and WN are appropriate majority 
decision functions of (n—1) variables. 

The second condition is that the candidate 
to be tested must be expressed in this form. 

From these conditions the method proposed 
is one of recursive constructions of majority 
decision function with respect to the number 
of variables. 

Now- our procedure to obtain all the re- 
presentatives of majority decision functions 
of 7 variables can be stated as follows: First 
choose all of the possible conbinations of 
two majority decision functions M and N 
such that for Mz,+WN condition 5.1. can be 
defined and then determine whether the 
functions Mz,+ WN are really majority decision 
functions by the method of linear program- 
ming. 

It is apparent that no true representative 
is lost by the above procedure. 

Next the restriction which is imposed upon 
the combination of M@ and N for Mz,+N 
which must satisfy the condition 5.1. is ex- 
amined. 

From 1) in condition 5.1. it is necessary 
for both M and N to be positive in x», x3, «+ 
or. 

2) in condition 5.1. it is required that for 
M and N the relation 


Xo FE Hg cere 25 46; (16) 


must hold. 
Moreover, for 7;>=x2. it is necessary that 
Mza,+W satisfy the conditions: 


Mz- 
Mz =M (0, x3, «000° Xn.) G7) 
n= Na, X3, es eeeee ; Beals 


As 5) in section 3 guarantees that the bi- 
nary relation is a partial ordering, it can be 
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concluded from the above two relations, (16) 
and (17), that 


OG) 565 seeees SS iG (18) 


From 3) in condition 5.1. and with 4) in 
section 3 it is necessary that 


f=Mx,+NCft=N*x,4+M*; 


that is 


MINS: (19) 


Summing up the above requirements for 
M and N the following conditions are ob- 
tained. 


Condition 6.1. 
1) Both M and WN are positive majority 
decision function of variables, %, ------ ee 


2) For both M and N 


Choosing those combinations of M and N 
which satisfy condition 6.1., and forming 
Mz,;+N, we shall solve the following pro- 
blem. 


Problem 6.1. 

Under the restriction of the reduced system 
of inequalities for Mz,+N, find a set of 
[wy Wn, 1] which minimizes T. 

If Mz,+N for which Problem 6.1. has a 
finite solution, it is a canonical representative 
of an equivalent class and the solution is an 
optimum realization of Mz,+N. 

If Problem 6.1. has no solution, then Ma, 
+WN is not a majority decision function. 

Solving Problem 6.1. for all combinations 
of M and N which satisfy Condition 6.1., 
all the canonical representatives can be ob- 
tained. 

M and N must be picked up from all the 
majority decision functions of (7—1) variables 
which satisfy 1) and 2) in Condition 6.1.. 
As is seen in section 5, such functions are 
canonical representatives of (~—1) variables 
and their dual functions. Hence once the 
canonical representatives of (7—1) variables 
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Table 2 
NUMBER OF MAJORITY DECISION FUNCTIONS OF 7 VARIABLES 
i x jori f eqnivalent classes 
I b f ivalent classes Number of majority Number of eqniva ass 
2" pie eee functions decision functions” of self-dual majority decision 
; ji of m variables of n variables | function of » variables 
1 4 1 2 | 1 
| 
2 16 1 Sted 0 
3 256 | 3 72 1 
4 a 536 9 oso | 1 
5 4 294 967 296 48 86 080 4 
6 18 446 774 | 504 1 448 70 £40 | 14 
O7SN 709) ool 616 | 
_—____—— — 


are obtained, all the candidates of M and N 
for majority decision functions of the variable 
are easily determined. 

The canonical representatives of majority 
decision functions of one variable are 0 and 
x, so starting from these functions we can 
obtain all the canonical representatives of any 
number of variables recursively. 


7. Majority Decision of Six Variables 


Following the procedure described in section 
6, a program was written for the parametron 
computer MUSASINO-1 and all the canonical 
representatives of six or less variables have 
been obtained. Problem 6.1. was solved by 
the dual simplex method in that program. 

Majority decision functions of five or less 
variables are identical to those obtained by 
S. Muroga. Those functions of six variables 
without vacuous variables are shown in Table 
1. The number of equivalent classes are 504 
and each function is numbered from 0 to 


6 
503 according to the magnitude of V=>W,, 
i=1 


which is expected to denote the complexity 
of the functions to some extent. 

The function is conventionally expressed 
by denoting the input variables by their sub- 
scripts. For instance, 12+13+23 denotes the 
function 2,2%.+2,23+22%3. 

In the same entry of the table the optimum 
structure (2, +--+ ,Ws; T) of the function is 


shown. To establish the threshold J by putt- 
ing an appropriate constant input, the constant 
of 0 must be coupled with a winding of 2T 
—V-—1 turns. Dual functions can be realized 
by merely reversing the polarity of the con- 
stant input, that is, by coupling the constant 
of 1 with the same winding. 


8. The Number of Majority Decision 
Functions of Six Variables 


In Table 1 only the canonical representa- 
tives are shown. 

By computing the number of the members 
of each equivalent class the total number of 
majority decision functions of six variables is 


Table 3 


MAXIMUM VALUES OF PARAMETRES 
OF OPTIMUM MAJORITY DECISION 


ELEMENTS 
n W; K Sh V 
2 i 2 D 3 
3 2 4 3 5 
4 3 8 5 9 
5 5 16 9 7 
6 9 33 18 35 
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obtained and is shown in Table 2 with the 
numbers of majority decision functions of five 
or less variables which are quoted from ref. 


(5). 


9. Remarks on the result 


Some remarks are added here concerning 
the complete list of majority decision functions 
of six variables. 

First it is remarkable that condition 6.1. is 
sufficient for majority decision functions of 
six or less variables. Hence all of the majori- 
ty decision functions were obtained without 
fruitless computation. 

Second it is interesting that the optimum 
structures [wy , We, +++: , We, I] are all integer- 
valued in spite of the fact that the values of 
w’s and T are arbitrarily normalized as de- 
scribed in Section 4. 

The third remark concerns the structure of 
the solution space of inequalities (14). It has 
been noted that for maiority decision functions 
of five or less vsriables the solution space of 
each majority decision functions is a pointed 
cone. That is, denoting the system of in- 
» equalities as 


Ww, ~ 


Ax>b, x=| : (20) 
Wn 


ot: 


there exists a certain point x, such that 


Ax)=b (21) 
and any solution x can be written as 


X=X4+x’, Ax’ >0. (22) 
This means the solution of (14) is a cone 
with x, as the sole vertex. From this it is 
easily shown that the solution of Problem 
4.1. must be x. Moreover, this suggests that 
x) is the solution of Problem 4.1. not only 
for K but also for any target function, if it 
is linear in W’s and T, and if the problem 
has a finite solution. This means that the 
structure obtained is optimum in a wider 
sense than in the sense of the minimum 
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number of turns. 

The structures of majority decision functions 
of six variables have been examined and it 
has been noted that almost all the majority 
decision functions have a solution space of a 
pointed cone but that 15 out of 504 functions 
have a space with non cone structure. These 
15 functions are marked with * in Table 1. 

Fourth, some maximum numbers of the 
optimum total coupling weights K=2T—1 
reaches 35. The maximum values of V and 
T are 33 and 18 respectively. 


10. Conclusions 


Summing up the results obtained: 

1) it is shown that the canonical repre- 
sentative of an equivalent class of majority 
decision functions can be naturally defined, 

2) an efficient procedure to obtain majority 
decision functions is given, 

3) all the majority decision functions of 
six variables are tabulated with their optimum 
realizations, 

4) the total number of majority decision 
functions of six variables is calculated, 

5) Some properties induced from the com- 
pliation of majority decision functions are 
described. 

There still remains the problem to investi- 
gate theoretically the properties observed 
empirically in this study. 
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Table 1 


MAJORITY-DECISION-FUNCTION OF SIX VARIABLES WITH OPTIMUM STRUCTURE 


ee 


ES XH, X3, X4, X5, Le) 


1234 +1235 +1245 +1345 + 12364 1346 +1246 + 1256 +1356 + 1456 + 2345 + 


123+1244+13441254135+145+126+136+ 146 + 156 + 2345 + 2346 + 2356 


1234+1235+1245+1345 + 1236+ 1246 + 1346 + 1256 + 1356 + 1456 + 23456 


1234+1244+125+1345+126 +1346 +1356 + 1456 +2345 + 2346 + 2356 + 2456 


1234+ 1235 + 1245 + 1236 + 1246 + 1256 + 13456 + 23456 


123+1244134+125+135+145+126+136+ 1464+ 156 + 23456 
1234 +1235 +1245 +1345 + 1236 +1246 + 1346 + 1256 +1356+ 1456 
123 +124+134+125+135+126 +136 +1456 + 234 + 235 + 236 + 2456 + 3456 


123 +1245 + 1345 + 1246 +1346 + 1256 + 1356 + 2345 + 2346 + 2356 


12+134+135 +145 +136 + 146 + 156 + 2345 + 2346 + 2356+ 2456 


123+ 124+ 125 +1345 + 126+ 1346 + 1356+ 1456 + 23456 


123+ 124+134+125+135+1454+126+136+146+156 
123+ 124+ 134+ 1256+ 1356+ 1456+ 234 + 2356 + 2456+ 3456 


1234 + 1235 +1245 +-1345+1236+1246+ 1346 + 2345 + 2346 


Number V W1— We J 
0 6 JUBbUt 4 
2346 + 2356 + 2456 + 3456 
1 6 111111 5 12345 +12346 + 12356 + 12456 + 13456 + 23456 
2, 6 JUG aE 6 123456 
3 7 7ABULD! 4 
+2456 +3456 
4 Gi 211111 5 
5 7 PALL 6 12345 + 12346 + 12356 + 12456 + 13456 
6 8 221111 5 
7 8 Zea 6 
8 8 2210 a 12345 + 12346 + 12356 + 12456 
”) 8 311111 5 
10 8 SLA 6 
val 9 eee 5) 
12 $) 222111 6 
13 9 222111 7 1234+ 1235 +1236 +12456 + 13456 + 23456 
14 9 222111 8 12345 + 12346 + 12356 
15 S) 321111 5 
16 g) 321111 6 
17 9 321111 i 1234 +1235 +1245 +1236 +1246 +1256 +13456 
18 9 411111 ) 12+13+14+15+16+ 23456 
19 9 411111 6 
20 10 222211 6 
21 10 222211 a 
22 10 2222 Ni 8 1234+ 12356 + 12456 + 13456 + 23456 
23 10 222211 9 12345 + 12346 


—— pe 
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ee 


Number V W1~ We fb FC, Lay ay Dg Lone) 
24 10 S2eu 6 123+124+134+125+135 +1264 136+ 1456 +2345 +2346 +2356 
25 10 e22141 @ 123+ 1245 +1345 4+ 1246 + 1346+ 1256 + 1356 + 23456 
26 10 322111 8 1234+ 1235 + 1236 + 12456 + 13456 
Pah 10 331111 6 12+ 1345 + 1346 + 1356 + 1456 + 2345 +. 2346 + 2356 + 2456 
28 10 331111 7 123 +124+125+126+4 13456 + 23456 
29 10 sys OME 8 1234+1235+ 1245+ 1236+ 1246+ 1256 
30 10 421111 6 12+134+135+ 145+ 136+ 146 +156 + 23456 
oi 10 421111 ih 123+124+4125+4 1345 +126 +1346 +1356+ 1456 
32 10 511111 6 12+13+14+15+16 
30 1! S222 10 6 123+ 124+134+125+135+4 145+126+ 1364 146+ 234+ 2356 +. 2456+ 3456 
34 seal 322211 7 123+124+ 134-1256 + 1356 + 1456 + 2345 + 2346 
35 A: 322211 8 1234 +1235 + 1245 + 1345 + 1236 + 1246 + 1346 + 23456 
36 11 SYLVA o 1234+ 12356 + 12456 + 13456 
B/ gl Soul 6 12+134+ 135 +136 +1456 + 234 + 235 + 236 + 2456 
38 iat 332111 7 123+124+4 125+ 13454 126+ 1346+ 1356 + 2345 + 2346 + 2356 
39 Be 332111 8 123+1245+4 1246 + 1256 + 13456 + 23456 
40 ie 332111 9 1234 + 1235+ 1236 + 12456 
Al Hal 422111 6 11+134+145+ 146+ 156+ 2345 + 2346 + 2359 
42 11 422111 7 123+1244134+125+135+4126+136+ 1456 + 23456 
43 11 422111 8 123 +1245+1345 +1246 + 1346 + 1256 + 1356 
44 11 431111 i 1241345 +1346 + 1356 + 1456 + 23456 
45 iol 431111 8 123+1244+125+126+13456 
46 11 aya OY if 12+134+1354145+136+4146+156 
47 IZ 322221 Tf 1234+1244+1344125+4 145 +135 + 2345 + 2346 + 2356 + 2456 + 3456 
48 WwW, 322221 8 1234 +1235+1245+1345 +1236 + 1246+ 1346 + 1256 + 1356 + 1456 + 2345 
49 12 322221 9 1234 +123541245 +1345 + 23456 
50 V2, 332211 if 1234+124+134+125 +126 + 1356+ 1456 + 234 + 2356 + 2456 
‘al 12 332211 8 123 4+124+13454 1346+ 1256 + 2345 + 2346 
BY iW, 332211 9 1234 +1235 + 12454 1236 + 1246 + 13456 + 23456 
53 12 332211 10 1234 + 12356 + 12456 
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os ee eee 
Number V W 1 ~ We Tr fCt Xe ty Lp Lee) 
54. 12S*« BLL «228 -+124-+134-+4+125+135-+126-+ 136 + 234 +235 +236 
55 We 333111 9 123 + 12456 + 13456 + 23456 
56 WZ 333111 10 1234+ 1235+ 1236 
57 12 422211 7 1231244134 +125+135+145+ 126+ 136+ 146 +2345 + 2346 
58 12 422211 8 1234124 +134+1256 + 1356+ 1456 + 23456 
iS) 12 422211 9 1234+ 1235+1245+1345+1236 +1246 + 1346 
60 WW 432111 7 12+134+135+136 +1456 + 2345 + 2346 + 2356 
61 Wy 432111 8 1234+1244+125+1345 +126 + 1346+ 1356 + 23456 
62 12 432111 9 123+12454 1246+ 1256+ 13456 
63 12 44)1i1 8 12+ 13456 + 23456 
64 12 441111 9 123+124+125+4126 
65 12 bYAAUUL (f 124+134+145+ 146 +156 + 23456 
66 12 bpyyZAUUL 8 1234+1244+134+125+135+126+136+ 1456 
67 1 SUL 8 1241345 + 1346+ 1356 + 1456 
68 iM} Se222u if 123+1244134+12541354145+4126+4 234+ 235+ 245+ 3456 
69 13 332221 8 123412441254 1345 + 1346+ 1356 + 1456 + 2345 + 2346 + 2356 + 2456 
70 13 332221 9 1234 + 1235+ 1245 + 1345 + 1236 + 1246 + 1256 + 2345 
val aS B3222 1 10 12344 123541245 + 13456 + 23456 
WE 13 333211 8 123+124+ 134+ 1256 4+ 1256 + 234 + 2356 
73 13 333211 9 123 +1245 +1345 +1246 + 1346 + 2345 + 2346 
74 13 333211 eh: 1234+ 12356 
75 3 432211 df 12+134+135+4 145+136+ 146+ 234+ 2356+ 2456 
76 13 432211 8 123+124+1344125+4126+1356+ 1456+ 2345 + 2346 
77 13 432211 9 123-+124+ 1345 + 1346+ 1256+ 23456 
78 13 432211 10 1234+ 1235 + 1245+ 1236+ 1246+ 13456 
79-13) 4331117 12-4 13-4.1456-+234 4.235 -4.236 
80 «13 433111 8 «1234. 124+ 134+125+135 +126-+136-+ 2345 + 2346 +2356 
81 13 433111 10 123+ 12456 + 13456 
82 13 442111 8 12+1345 +1346 + 1356+ 2345 + 2346 + 2356 
83 «13 442111 10 123-4145 41246-41256 
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Number V W1~ We dfs 


21, 21, Ay Ge Gis. Gx) 


84 3} e222 7 12+13+14+156+ 2345 + 2346 
85 13 522211 8 123+ 124+ 134+ 125+135+145+126+-136+146 + 23456 
86 13 922211 9 123+ 124+ 134+1256+ 1356+ 1456 
87 13 932111 8 12+134+4 135+ 136+ 1456 + 23456 
88 13 932111. ) 123 +124 -+125+1345+126+1346+ 1356 
89 13 541111 9 12+ 13456 
90 13 622111 8 12+13+4145+ 146+ 156 
91 14 332222 8 123 + 124 +125 + 1345+ 126 + 1346 + 1356 + 1456 + 2345 + 2346 + 2356 + 2456 + 3456 
92- 14 BoeeZZe 9 1234+ 1235+ 1236 +1245 + 1246 +1256 + 1345+ 1346 + 1356 + 1456 + 2345 + 2346 
+ 2356 + 2456 
93 14 Sera 8 123+ 124+ 134+ 125+ 1354 1456 + 234+ 235 + 2456 + 3456 
94 14 333221 10 1234 +1235 + 1245 + 1345 + 12364 2345 
95 14 333221 inst 1234+ 1235 + 12456 + 13456 + 23456 
96 14 432221 8 123+ 124+ 134+ 125+ 135+ 145 + 126 + 2345 + 2346 + 2356 + 2456 
97 14 432221 9 1234+ 124+125+ 1345+ 1346 + 1356 + 1456 + 2345 
98 14 VEN ae 1G) 1234+ 1235+ 1245 + 1345 + 1236+ 1246 + 1256 + 23456 
99 14 432221 11 1234 +1235 +1245 + 13456 
100 14 433211 8 123+124+4134+125+135+ 126+ 136+ 1456 + 234 + 2356 
101 14 433211 9 123+124+134 +1256 + 1356 + 2345 + 2346 
102 14 433211 10 123 +1245+1345--1246 + 1346 + 23456 
103 14 442211 8 12+134+ 1356+ 1456 + 234 + 2356 + 2456 
104 14 442211 9 123+ 124 +125 + 1345+ 126+ 1346 + 2345 + 2346 
105 14 442211 10 123+124+ 1256 + 13456 + 23456 
106 14 442211 Jol 1234+1235 + 12454 1236 + 1246 
107 14 443111 8 12+134+ +135+136+234+ 235 + 236 
108 14 443111 11 123+ 12456 
109 14 522221 8 123 41244134 +125+135 +1454 126+136 + 146+ 156 +2345 
110 14 522221 9 123 +124+134+125 +145 +135 + 23456 
111 14 53220) 8 12+134+135+145 +1364. 146 +2345 + 2346 
112 14 532211 9 123+1244134+125+126 +1356 + 1456 + 23456 


113 14 532211 10 123+124+ 1345+ 1346 + 1256 
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a eee 


fl 21, Lr, La, La, Ts, Ze) 


12+13-+1456 + 2345 + 2346 + 2356 


123+1244+134+125+ 135+ 126+ 136 + 23456 


124.1345 + 1346 + 1356 + 23456 
12+13+14+156 + 23456 
123-+1244134+125+135+ 145+126+ 136+ 146 
124134 4135+ 136+ 1456 


123 +1245 +1345 +1246 + 1346+ 1256 + 1356 + 1456 + 2345 + 2346 +2356 + 2456 
+3456 


1234-4 1235 +1245 +1345 +1236 + 1246 + 1346 + 1256 + 1356 + 2345 + 2346 + 2356 
123 +.1244134+125+135+145+126+ 136+ 234+ 235 + 2456 + 3456 
123+124+1344 125+ 135+ 1456+ 2345 + 2346 + 2356 
123+ 1245+ 1345 + 1246 + 1346+ 1256 + 1356+ 2345 

1234+ 1235+ 1245 + 1345 + 1236+ 23456 

1234+ 1235+ 12456 + 13456 

1234 124+ 134+ 1256 + 1356 + 1456 + 234 

123 -+124+4 134+ 2345 + 2346 

123+124+4 134+ 125+ 126+ 1356 + 234 4 2356 

123 +1245 + 1246 + 13456 + 23456 

123+124+ 1344 125+ 135+ 145+ 126+ 2345 

123+ 124+ 125+ 1345+ 1346+ 1356 + 1456 + 23456 

1234 + 1235+ 1245+ 1345+ 1236+ 1246 +1256 
12+13+145+ 146+ 234+ 2356 

123+ 124+134+4125+135+ 126+ 136+ 1456+ 2345 + 2346 
123+ 124+ 134+ 1256 + 1356 + 23456 

123+ 1245+ 1345+ 1246+ 1346 

12+ 134+ 1356 + 1456 + 2345 + 2346 

123+ 124+ 125+ 1345 + 126+ 1346 + 23456 

123+ 124+ 1256+ 13456 

12+134+ 135+ 136+ 2345 + 2346 + 2356 


12+134+ 13541454 136+ 146+ 23456 
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eee 
Number V W1~ We ih 
114 14 Ssouiul: 8 
115 14 533111 9 
116 14 542111 9 
a7; 14 622211 8 
118 14 622211 a 
119 14 632111 9 
120 15 333222 9 
121 15 333222 10 
122 15 433221 8 
123 15 433221 9 
124 15 433221 10 
125 15 433221 11 
126 15 433221 1, 
127 15) 433311 9 
128 1) 433311 10 
129 15 443211 9 
130 15 443211 11 
131 15 DoZZ2i: g) 
132 US 932221 10 
133 15 932221 11 
134 15 533211 8 
135 15 ByoroyAID| 9 
136 iS) 933211 10 
137 15 533211 11 
138 15 542211 9 
139 15 942211 10 
140 15 542211 11 
141 15 5943111 9 
142 15 632211 9 
143 15 632211 10 


123+124+ 13441254 126+41356+1456 
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Number V W1~ We it W\ CBG By AB, ee, dessa) 
144 15 633111 9 12413414564 23456 
145 15 633111 10 123+41244+1344+1254+135+1264136 
146 15 642111 10 12413454+1346+1356 
147 15 722211 9 ~ 124134144156 
148 16 433222 9 123+ 124+134+ 125413541264 136 +1456 +2345 + 2346 + 2356 + 2456+ 3456 
149 16 433222, 10 = 123+ 1245+ 1345+ 1246 +1346 + 1256+ 1356+ 1456+ 2345 + 2346 + 2356 
150* 16 433222, 11 1234+. 1235 +1245+4 1345+ 1236+ 1246 + 1346+ 1256+ 1356 +23456 
151 16 433321 9  1234124+4+134+1254 145+ 135+234 423564 2456 +3456 
152° 16 433321 11 1234+41235+1245+1345+1236 +1246 + 1346+ 2345 
153 16 443221 9 12341244+1344+125+135+4 126+ 1456 +234 +235 +4 2456 
154 16 443221 10 1234+1244125+4+1345+1346+1356+ 2345+ 2346+ 2356 
155 16 443221 ll 1234-12454 1345+ 1246+ 12564 2345 
156 16 443221 12 123441235+1245+1236+13456+23456 
157 16 443221 13 12344+1235+12456 
158 16 443311 — 10  1234124+134+1256+234 
159 16 443311 11  1234+124+1345+1346+2345 +2346 
160 16 532222 9 123 +124 +134 412541354 145+ 126+ 136 + 146 + 156 + 2345 + 2346+ 2356 + 2456 
161 16 533221 9 123 +124+ 1344+125+4+135+145+4126 4 136+ 2345 + 2346 +2356 
162 16 533221 10 123+124+1344+1254-135+1456+2345 
163 16 533221 12 12344+1235+1245+1345 +1236 
164 16 533311 9  123+124+1344+125+135+4 145+1264 136 +1464 234 
165 16 533311 11 1234+124+134+23456 
166 16 542221 9 1241244+135+145+2345+2346+ 2356 + 2456 
167 16 542221 10 123+134+125+1345+126 +1346 +1356 + 1456 + 2345 
168 16 542221 11 1234+124+125+1345+23456 
169 16 543211 9 124+1344+135+136 +1456 +234 + 2356 
170 16 543211 10 123+124+1344+125+126+1356 + 2345 + 2346 
171 16 543211 12 1234+1245+1246+13456 
172 16 544111 9 12+13+ 234+ 235 + 236 
173 16 552211 10 12+1345+1346+2345+ 2346 
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Oo ee ES eee 
Number Vv W1~ Ws ae fC 41, Fa, La, Tay Ty +5) 
174 16 552211 12 123412341256 
175 16 632221 9-12-4134 +1354 145 +136 + 146 + 156+ 2345 
176 = «16 632221 101234124 1344+ 125-+135+ 145 +126 + 23456 
ie 16 632221 11 —-:123 +124 +. 125+ 1345 + 1346 + 1356 + 1456 
r78) 16 633211 9 12+ 134+ 145+ 146 +2345 +2346 
179 16 633211 11 = 1234+ 124+ 13441256 + 1856 
180 16 642211 10 124+134+1356+1456+ 23456 
181 16 642211 11 =: 123 4.124 + 125+ 1345+ 126+ 1346 
182 16 643111 10 124+134+135+136+23456 
183 16 722221 9 12+13+14+15+23456 
184. 16 732211 10 12+1344+135+145+136+ 146 
(185 (16 733111 10 12+13+41456 
ise. 17 433322 10 123 +124 +134+4+1256+ 1356+ 1456 + 2345 + 2346 + 2356 + 2456 + 3456 
17-17 433322. 11 =: 1234+ 1235+ 1245+ 1345+ 1236 +1246 + 1346+ 1256 + 1356+ 1456 + 2345 + 2346 
188 «17 443321 10 123+124+4+125+4+134+1356+ 1456 +234 + 2356 + 2456 
TBOrs 7 a7, 443321 12 1234-+4+1235+1236-+1246 + 1245+ 1345 +2345 
190* 17 533222 11 1234. 1245+ 1345+ 1246 + 1346 + 1256 + 1356 + 1456 + 23456 
ion 17 533321 10 12341244+1344125+4145+135+2345 +2346 
woz) 17 533321 11 = 123124 +134 +1256 + 1356 + 1456+ 2345 
1935 17 543221 9  124134+135+4+145+4+136+4234 +235 +2456 
194 «17 543221 10 123+124+134+125+135+ 126 + 1456 + 2345 + 2346 + 2356 
1o5 es 17 543221 11 123+ 124+ 125+ 1345+1346 +1356 +2345 
196 17 543221 12 123+ 1245+ 1345+ 1246+ 1256 + 22456 
OZ 17 543221 13 1234+ 1235 +1245+1236+13456 
198 17 543311 10 123+.124+134+1254126-+1356-+ 1456 +234 
LOO nen a 17, 543311 11-123 +.124+134+1256 +2345 +2346 
O00 | 17 543311 12 1234. 1244+ 1345+ 1346 + 23456 
201 17 44211 10 123 +1244 134+125+135+4126 +1364 23442356 
2020¢«a 952221 11 123+ 124+12541345-+4+126 +2345 
203, 17 52221 2 


123+ 124 +125 +13456+ 23456 
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Number V W1~ We Te CB Bry ee 8540) 
204 ey 993211 10 12+ 134+ 1356 + 234 4 2356 
205 Wh 593211 33 123+ 12454 1246 
206 7, 633221 10 123+ 124+134+125+135+1454+126+136 +2345 
207 iy 633221 11 123+ 124+134+125+135+ 1456+ 23456 
208 Wy 643211 10 12+ 134+ 135+ 136+ 1456+ 2345 + 2346 
209 ili 643211 sh 123+124+134+125+ 126+ 1356+ 23456 
210 17 644111 10 12+13-+ 2345 + 2346 + 2356 
211 17 652211 11 12+1345+ 1346 + 23456 
ZZ 17 732221 18L 1234124+ 134+ 125+1354145+126 
213 17 {eeyeyel 10 12+13+145+4 146+ 23456 
214 17 742211 11 12+134+ 1356+ 1456 
Zt ia 743111 ital 12+134-+ 135+ 136 
216 18 443322 10 123+-124+ 134+ 125+ 126 + 1356+ 1456 + 234 + 2356 + 2456 + 3456 
217 18 443322 11 123+124+ 1256 + 1345+ 1346 + 1356 + 1456 + 2345 + 2346 + 2356+ 2456 
218 18 443322 12 1234+ 1235 + 12364 1245+ 1246+ 1256 + 1345 + 1346 + 2345 + 2346 
219 18 443331 10 1234+124+134+4125+ 145+ 135+ 234+ 235 + 245 + 3456 
220 18 533322 10 123+124+134+125+135+4 145+ 126+ 136+ 146 + 2345 + 2346 + 2356 + 2456 
+3456 
221 18 543222 10 12341244 1344125+135+ 126+ 136+ 1456 + 2345 + 2346 + 2356 + 2456 
2200 18 543222 11 123+1244125+1345+ 126 + 1346 + 1356 + 1456 + 2345 + 2346 + 2356 
Dies 18 943321 10 123+124+1344125+135+ 145+ 126+ 234 + 2356 + 2456 
224 18 543321 ital 123+124+4 1254+ 134+1356 + 1456 + 2345 + 2346 
TASS 18 543321 2 1234124 +1345 +1346 + 1256 + 2345 
226 18 543321 13 1234+1235+12364+ 1246+ 12454-1345 + 23456 
DAE 18 944221 10 123 4+124+1344125+ 135+ 126+ 136+ 1456 + 234+ 235 
228 18 544221 11 123 4+124+134+125+135 +2345 + 2346 + 2356 
229 18 544221 13 123 +1245 + 1345+ 23456 
230 18 944311 11 123+ 124+ 134+ 1256 + 1356 + 234 
231 18 DosZal 10 124+134+135+4+ 1456+ 234+ 235 + 2456 
232 18 553221 14 1234 +1235 + 1236 + 1245 


233 18 593311 ie 123+1244125+126+4 134+ 234 
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Number V Wy~We FXG Lr Lis oe oe, He) 
234 18 553311 13 123+124+13456+23456 
Po 633222 «10.-S«123-+. 124-134-4125 +135 +145 +126 +136 +146 + 156 + 2345 + 2346 + 2356 
236 «=—«18 633222 13 1234+ 1235+ 1245+ 1345+ 1236 +1246 + 1346 +1256 + 1356 
237 «18 643221 10 12 +134 +135-+145-+136-+2345 + 2346 + 2356 
238 «18 643221 11—«123-+124+1344+125 +135 +126 + 1456+ 2345 
239 «18 643221 12 123-1244 1254134541346 + 1356 + 23456 
240 «18 643221 13  123-+4+1245+1345+1246+1256 
241 «18 643311 10 124+1344+135+145+136+146+234 
218 643311 12  1234124+134+1256+23456 
243° «18 643311 13 123-+12441345+1346 
244 «18 644211 10 1241341456 +234+2356 
245° «18 644211 11-123 124-+1344+125-+135+126 +136 + 2345 +2346 
246 «18 652221 11-12 1345+ 1346+ 1356 + 1456 +2345 
247 «18 652221 12 «1234124 +125 +1345 +126 + 23456 
Zise 1s 652221 13 123-4124 + 125413456 
249 «18 653211 11 12+ 134+1356-+2345+2346 
250 18 733221 10 1241341454146 +156+2345 
21 18 733221 11 128-4124 + 1344125 4135-+145+126+136 +23456 
a2. 18 733221 12  128-4124+41344 125413541456 
ne: 733311 10 12+ 13-+144+2345 +2346 
254 18 742221 11124 13441354145-+4+23456 
25 18 743211 12-123 1244134+1254126+1356 
256 «18 744111 1112413423456 
27 «18 752211 12 ~=—«1241345-+1346 
258 «18 833211 11 12413-41454146 
259° 19 443332 IL -123+124+125+1345 +1346 + 1356-+1456 + 2345 + 2346 +2356 +2456 +3456 
260* 19 543322 11 -123+ 124+ 134+ 125+ 126 + 1356+ 1456+. 2345 +2346 4.2356 4.2456 
261 19 543322 12 123-+124+1256+1345 + 1346+ 1356+ 1456 +2345 +2346 
262 «19 543322 13 1234-+1235+1236+1245 + 1246+ 1256+ 13454 1346-4.29456 
263 «(19 543331 11 


123+124+134+4125+4+1454+ 135+ 2345+ 2346+ 2356+ 2456 
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Number V W1~ We IF 
264 19 944321 elt 
269 19 544321 3 
266 19 Su33Z2k 1, 
267 19 993321 13 
268 19 594221 iL 
269 19 994221 14 
270 188) 643321 11 
271 19 643321 WY 
272 19 643321 14 
ae) 19 644311 a 
274 19 653221 10L 
275 ike) C5322 Irae a2 
276 19 653311 ig 
277 19 653311 12 
278 19 653311 14 
279 19 654211 11 
280 19 (ea222, 13 
281 . 19 (Bpral ll 
282 19 743221 akae 
283 19 743221 2 
284 19 743221 V3) 
285 19 743311 13 
286 9 744211 11 
287 19 752221 13 
288 19 753211 12 
289 19 833221 12 
290 ig) 833311 ik 
291. 20 543332 11 
292 20 544322 11 
293 20 544322 Wy 


SLi, He, Xa, L4, Ls, Lg) 


rag 


1234+ 1244134+125+135+ 1456+ 234 +2356 

123 +1245 + 134541246 +1346 +2345 

12341244 12541345 +1346 + 2345 + 2346 
123+124+1256+1345+2345 
1234+124+125+126+134 +135 +234 4235 
123+1245 + 13456 + 23456 

123 +124+134+125+135+145+126 +2345 + 2346 
1234+124+125+134+41356+ 1456 +2345 
1234+ 1235 +1236 +1246 4124541345 
1234+124+134+125+135+126+136+1456+234 
12+134+135+ 1456+ 2345 + 2346 + 2356 
123+124+135+1345+126 + 1346 + 1356+ 2345 
124+134+1356 +1456 +234 

123 +124 +125 +4126+134 +2345 +2346 

123 +124 +13456 

12+134+4135+136+234 + 2356 

123 +1245 +1345 +1246 +1346 + 1256+ 1356+ 1456 

123 +124+4+134+125+135+145+1264136 +146 +2345 
1241344135 +145 +136 +2345 

1234124 +134+125+135+126+1456 + 23456 
1234124 +125 +1345+1346+ 1356 

123 +124+13441256 

12+13-+1456-+ 2345+ 2346 

123 +124 +125 +1345+126 

124134 +1356 + 23456 

12341244134 +125+145+126+136 
124+13+14+23456 

123 +124-+134 +125 + 135-+145 +126 + 2345 + 2346 + 2356 + 2456 + 3456 
123-4124 +134 +125 +135 +126 + 136+ 1456 + 234 + 2356 + 2456 + 3456 


123+1244+134+1256 + 1356 + 1456 + 2345 + 2346 + 2356 
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SC 41, L2, £3, La, Ls, x6) 


Number V W1~ We It 
294 20 544322 «13. «=—«(123-+1245 +1345 +1246 +1346 + 1256 +1356 + 2345 + 2346 
295 «20 544331 11: 123-++124+134+4+1254145+135+ 234 + 235 + 2456 + 3456 
296 =. 553331 11. -123-+ 124 +134+1254+135+145+126 + 234 + 235 + 245 
297 ~—«-20 554222 11 123 +124 +134+125+135 +126 +136 + 1456 + 234+ 235 + 236 + 2456 
298 20 554321 12 12341244+125+134+41356+4 234+ 2356 
299-20 554321 14 «=: 123 +1245 +1246 + 134542345 
300 ~=—-:20 643322 Ls: 123-+124+134+4+125+135+145+126 +136 +146 +2345 + 2346 + 2356 + 2456 
301* 20 643322 13 123 +124 + 1256+ 1345+ 1346 +1356 + 1456 + 23456 
302 20 644321 11-123 +124 +1344+125+4+135+145+1264136 +234 + 2356 
303 20 644321 12 1234+1244+134+4+125+135+1456 +2345 + 2346 
304.20 644321 13 1234+1244+134+1256+1356+ 2345 
305 ~—-20 653222. 11. 12 +.134+135+136-+1456 + 2345+ 2346 + 2356+ 2456 
306 =. 20 653321 11 124+134+4+135+4+145+4+234 + 2356+ 2456 
B07, 20 653321 13 12341244125+4+1345+1346+2345 
308~._ 20 653321 14 1244+ 124+1256+1345+23456 
309-20 654221 11 124+1344+135+136+1456 +234 +235 
310-20 654221 12 = 123 +.1244+125+4+126+134+4135-+4+ 2345 +2346 + 2356 
311 20 654221 15 1234+1245+13456 
312 20 654311 12 1234+1244+1344125+126413564 234 
313-20 733322. 11 123+ 124+134+4+125+4+135+145+126+136+146 +156 +2345 +2346 
314-20 743222, 11 124+1344+135+4+145+136+146-+ 156+ 2345 +2346 + 2356 
315-20 743321 13-123 +1244+125+413441356-+1456 + 23456 
316 ~—-20 744221 11: 124.13 4145+. 2345+.2346 +2356 
317.20 744221) 12 123+:124+134+125+135+1264+136+1456-+2345 
318 20 744221 13 =: 123 +1244+1344+125+135 423456 
319 20 744311 dss: 12-413841454- 146-4294 
2208 20 Wos22 12) 424-784-4195 1456 0945 
321 20 753311 13 128-4124 +412541264134+423456 
322-20 754211 12 124+134+4+1354136+2345 42346 
B23) 20 762220, 13° 72-6 1345 93456 
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ee 


f(a, X2, X3, Ly. Hy, Le) 


Number V W1~ We It 
324 20 833321 ll 
325 20 843221 12 
326 20 843291-—" 13 
327 20 853211, 7-13 
328 21 544332 «12 
329 21 54433214 
330 21 554322 — 13 
331 21 554322 «14 
332 21 554331 —«*12 
333 21 644331 12 
S216 Ot 653322 «13 
335 21 654321 12 
336 21 654321 13 
337 21 654321 15 
338 a 655221 «12 
339 21 743322 15 
340 21 744321 «12 
341 on 753321 12 
342 21 753321 13 
343 21 753321 14 
344 aA 753321 15 
345 21 754221 13 
346 21 TeAoe 12 
347 21 755211. «12 
348 - -21 763221 13 
349 21 763311 13 
350 21 843321 12 
351 Dil 843321 14 
352 mn 853221 13 
353 21 853311 14 


12+13+4+14+156+2345 

12+134+4+135 +145 + 136+ 23456 

123+ 124+1344125+135+126+1456 

12+134+1356 

123+ 124+134+125+135 +1456 4 2345+ 2346 + 2356 + 2456+3456 
1234+ 1235 + 1245 +1345 + 1236 +1246 + 1346+ 1256+ 1356+ 2345 
123+124+1256 +1345 + 1356 + 1346 + 2345 + 2346 + 2356 
123 +1245 + 1256 +1246 + 1345 +1346 + 2345 + 2346 
12341244 134412541354 1456+ 234 +235 +2456 

123+ 124+134+125+4145+135+ 2345 + 2346+ 2356 

123 +124+4125+4 13454126 +1346+ 1356+ 1456+ 2345+ 2346 
123 +124+134+125+135 +1264 1456+ 234+ 2356 

123 +124+1254134+4 1356+ 2345 + 2346 

123+ 1245+1246+ 13454 23456 
1234+1244+13441254+135+4126+136 + 234+ 235 

1234 +1235+1236 + 1245 +1246 +1256 +1345 +1346 
123+124+134+4125+135+145+126+136+ 2345 + 2346 
12+134+135+145+ 2345 + 2346 
12341244134 +4125+126 +1356 + 1456+ 2345 

123 +1244+125+1345 +1346 + 23456 

123+4+1244+1256+ 1345 

123+ 1244+125+126+134+135+2345 

12+134+135+ +136+ 1456 +234 

12+13+234 + 2356 

1241345+1346+ 1356+ 2345 

124134 +2345 + 2346 

124+134+1354+145+136+146+2345 

12341244 125+134+1356 + 1456 
12+134+135+1456+ 23456 


1234+1244+125+126+134 
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a ee 
Number V W,~ Ws TE fC Li, Le, Lay Tay Loy Le) 
35421 943221 13 12+1344+135+145+136 
355 29 544393 «14. «1234 41235 -+1245 +1345 + 12364-1246 + 1346 +1256 + 1356 + 1456 + 2345 + 2346 
+2356 
356 2 554332 «12S: 123-+124+ 134 +125+135+126 + 1456 + 234 + 235 + 2456 + 3456 
S67, 22 554422 «13 «123 +124 +134 +1256 +1356 + 1456 + 234 + 2356 + 2456 
2 DP 64433212: 123-++124+1344125+135+4+145 +126 +136 + 2345 + 2346 + 2356 + 2456 + 3456 
359-22 644332. «14.123 +.1245+1345-+1246 +1346 +1256 + 1356 + 1456 + 2345 
360-22 654322. «12-123 +124 +1344125+135+126+136+ 1456 + 234 + 2356 + 2456 
361* 22 654322 «13-123 4124+ 134+125+126 + 1356+ 1456 + 2345 + 2346 + 2356 
362 «22 654322 «14. 1234-124 4-1256-+1345+4+1356+ 1346 + 2345+ 2346 
363* 22 654322 «15 123+1245+4+1256+1246+1345 +1346 + 23456 
364-22 654331 «12-123 +124 +.1344+125+135+145 +126 +234 +235 + 2456 
365 «22 654421 13 «= 128 +124 + 125 +.134+ 1356+ 1456+ 234 
366 22 654421 15 12341244+1345+1346+2345 
867 22 655222, 12) 1234124 +134 +125+135+126+136 +1456 + 234 + 235 +236 
368 = 22 655321 13 = 12341244 134+1254+135+4+234-+ 2356 
369-22 744322 12) 12341244 1344+125+4+135+4+145+126 +1364 146+ 2345 + 2346+ 2356 
30h 2 753322 «12 124+ 1344+1354+145+136+146 + 2345 +2346 + 2356+ 2456 
oul a 22 754321 12 12+4+1344135+145+136+234-+42356 
Bp OP 754321 13 1284124 + 134+125+135+126 +1456 +2345 4 2346 
B7ae 2) 754321 14 12341244+125+13441356+2345 
B74 2 754321 16 1234124541246+1345 
BIS. 22 755221. 12 1241341456 +234 4.235 
376 22 755311 13. 1234+1244+1344+125+135-+126+136-+4234 
277 2? 763222 13-12 +1345 +1346-+1356+ 1456 +2345 +2346 4.2356 
76 22 763321 141234124 4125-41345 4.126 +1346 4.2345 
379) 22 764221. 13:12 41344+135+234542346 4.2356 
2800 22 764311 13: 12413441356-+4234 
eee? 843322 12 12-4+134+1354+145+136+1464.156+2345 4.2346 
B62 22 84332215 123 +1244+1256-+1345 41346 -+13564.1456 


383 22 853321 15 123+124+125+41345 +1346 
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Number V W1~ We ah FCH1, Lo, 15, 4, 5, Te) 
384 Ze 854221 13 12+134+135+136+1456 +2345 
385 22 854221 14 123+124+4125+126+134+135+ 23456 
386 22 855211 , 13 12+13+ 2345+ 2346 
387 22 863311 14 12+134+ 23456 
388 a, 944221 13 12+13+145+ 23456 
389 Le 953221 14 12+134+135-+4 1456 
390 23 594333 14 123+ 1245 +1345 +1246 +1346 + 1256+ 1356 + 1456+ 2345 4+ 2346+ 2356+ 2456 
SUI 23 594432 1133 123+124+125+ 134+1356+ 1456+ 234 + 2356 + 2456+ 3456 
392* 23 654332 13 123+124+134+125+135+4126 + 1456 + 2345 + 2346 + 2356+ 2456 
393 23 654332 14 122+124+125+ 1345 + 1346 +1356 + 1456 + 2345 + 2346 + 2356 
394 23 654431 13 123+124+134+125+1454 135+ 234+ 2356 + 2456 
395 23 655322 14 123+124+134+1256 +1356 + 2345 + 2346 + 2356 
396 23 655331 13 123+124+134+125+135+ 1456+ 234+ 235 
aes 23 754322 15 123+ 124+ 1256+ 1345 + 1356 + 1346 + 23456 
398 23 754331 1S 123+124+134+125+135+145+4 126 + 2345 + 2346 + 2356 
399 23 754421 13 123+1244134+1254+135+4145+126 + 234 
400 23 754421 Shs) 123+124+134+1256+ 2345 
401 23 759321 14 123+1244+134+125+4135-+ 2345 + 2346 
402 23 763322 13 124+134+1356 +1456 + 2345 + 2346 + 2356 + 2456 
403 23 764321 13 12+134+135+1456 + 234 + 2356 
404 23 769221 13 12+134+135+136+4 234+ 235 
405 23 854321 13 124+134+135+145+136-+ 2345 + 2346 
406 23 854321 15} 1234+124+125+134+1356 + 23456 
407 23 855221 14 123+1244+134+125+135+126+136 +2345 
408 753} 855311 13 12+13+41456+ 234 
409 Zo 863321 14 12+13441356 +1456 + 2345 
410 23 944321 13 124+134+145+ 146+ 2345 
All Pa) 954221 15 123+124+125+126+134+135 
412 24 594433 14 123+124+1256+1345+1346 +1356 + 1456 + 2345 + 2346 + 2356 + 2456 + 3456 
ie 2 654432 «13.123 +124 +134-+125+1354+145 +126 +234 +2356 + 2456 +3456 
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Number V W,~ Ws WE fCL), La, X3, L4, Ls, XG) 

44 24 654432 «1A. «123-1244 125-+134-+1356 +1456 + 2345 + 2346 + 2356 + 2456 
415 24 654432 «16 «1234-41235 +12364+1245 + 1246 + 1256 + 1345 + 1346 + 2545 
416 24 655332 «13: 123-4124 4134+ 125+135+126 +136 + 1456 + 234 + 235+ 2456 + 3456 
417 24 655422 «14.—« 123-4124 4+ 134+ 1256+1356 + 1456 + 234 + 2356 
418 24 754332 «13s: 123-+124-+.134-++125+135+145+126 +136 + 2345 + 2346 + 2356 + 2456 
419 24 754422 13 «123 +124 +1344+1254+135+145+126 +136 + 146 + 234+ 2356 + 2456 
420 24 756331 «13. 123 +1244+134+125+135+145+126+136+234 +235 
421 24 735421 14.128 +124+134+1254135+1456 + 234 
422 24 764322. 13 =: 12+134+1354136+1456+234 +2356 + 2456 
423* 24 764322 «15 1234-124 +125+1345+126 +1346 +1356 + 2345 + 2346 
424 24 764331 13 «=: 12+134+41354+145+234+235+ 2456 
425 24 764421 15 1234+1244+134+4+125+42345+ 2346 
426 24 764421 17 1234+124+1345+23456 
427 24 765222 13: 12+134+135+136+1456+ 234+ 235 + 236 
428 24 765321 «14. 123 +124 +125+126+134+4135 +4234 +2356 
429 24 854322 13 1241344+135+145+136+4146 + 2345 + 2346 +2356 
430 24 854322, 17) 1234-1245 +1256 +1246 + 1345+ 1346 
431 24 855321 13: 124+13+1454234+2356 
432 24 864321 14 124+134+4+135+1456 + 2345+ 2346 
433 24 864321 15 =: 123 +124 +4+1344125+4126+1356+2345 
434 24 865311 14 =: 12+134+41354+136+234 
435 24 873321 15 124+1345+1346+4+2345 
436 24 944322 13 -124+134145+146 +156 + 2345 + 2346 
437 24 954321 16 123+4+124+4+125+134+1356 
438 24 955221 14. 124.13 +1456 +2345 
439 24 964221 15 12+134+135+423456 
440 25 654433 14 123-+124 +134 +125 +126 +1356 + 1456 +2345 +2346 +2356 4+ 2456-43456 
441 25 655432 14123 +124 +134+4125-+135 +1456 + 234+ 2356-4 2456-43456 
442 25 704432 16 123412441256 + 1345+41346-+1356-+ 1456-4 2345 
443 25 755431 14 


123+124+134+4+1254+1454 135 + 234+ 2356 
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Number Vv W1~ We TE Gi Bin Gos, a, GE, Ge, HS) 
444* 25 765322 15 =: 12341244134 + 1254126 +1356-+ 2345 +2346 +2356 
445 25 765331 14 = 1234124 + 13441254135 412641456 -+234-4.235 
446 25 765421 15 123-+1244-125+1356-+234 
44725 855421 1412341244 1344125+4+135+4+145 +126 +136-+234 
448 25 864331 14 — 1241344+135+4+145+2345 +2346-42356 
449-25 865321 15 123-4124 + 125-4126 +134 +135 +2345 +2346 
450 25 873322 15 124+1345+1346+1356+1456-+2345 +2346 
Ge 25 954322 17 = 123-++.124-+1256-+1345 +1356 -+1346 
452° "25 955321 14 124134145+4+234542346 
453-25 965221 15 1241344+135+136+2345 
[5A DG 655433. 17-=— 1234 +.1235 + 1245-41345 +1236 +12464 1346+ 1256 + 1356-+ 2345 +2346 
455-26 759432 14. 1234+. 124-+4+.134-4125-4135-++145-+126-+136-+234 +2356 + 2456 +3456 
456 26 764432 16 123+ 124+ 125-+1345+1346-+1356 + 1456-+ 2345 + 2346 
457 26 765332 «14.123 4+124+134+125-+135+126+136+ 1456 +234 +.235-4+2456 
458* 26 765422 15 123+ 124+.134+125-+126 +1356 + 1456 + 234 +2356 
459 26 855422 «14 123-4124 413441254135 4145 +126-+136-+146 +234 +2356 
460 26 864332 14 124+134+1354+145+1364+2345-+ 2346+ 2356+ 2456 
461 26 865331. 14° 1213441354145 +136 +234 + 235 
462 26 865421 «15123-41244. 134+4+1254+135+126+1456+234 
463. 26 874322 15  12-+4+134+1356-+1456+2345-+2346 +2356 
464-26 875321 15  12+134+135+234+2356 
465-26 955322 «14. 12413-4145 + 146+.2345 +2346 + 2356 
466- 26 964421 17 1234+124+134+125+23456 
467° 26 974321 16  12-+134+4+1356+2345 
468 27 755433. «17S«(123- +1245 +1345 +1246 +1346 + 1256 + 1356 -+ 1456 + 2345 + 2346 
469* 27 765432 «15 «(123 +124-++4134-+125-+135-+126-+ 1456 + 234 + 2356+ 2456 
470-27 765432. «16 «123 ++124-+125 +134 +1356 + 1456 + 2345 + 2346 + 2356 
471. 27 765432 «18 —«:123-+1245 + 1256 + 1246+ 1345 + 1346 + 2345 
472-27 765441 15  123+1244+134+125+145+135+234+235 +2456 
473. 27 865431 15 123 ++124-++.134+125-+135+145+126+234 + 2356 
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Number V W1~ We 5h! f By Dy Li, Ly Ey, 2a) 
474 27 874332 «15 «12-4 134-+135-+ 1456 +2345 + 2346 + 2356 + 2456 
A475 De 875331 15 124+134+1354+1456+234 +235 
476 Di, 965421 15 124+134+135+145 +136 +234 
477 A 974421 17 123 -+1244+125+126+134+ 2345 
478 27 975321 16 12+134+135 +2345 + 2346 
479 28 765433. «17. «123-+124-+1256-+1345+41346 +1356 +1456 +2345 + 2346 + 2356 
480 28 765442 15 123+1244+134+125+135+145+126 +234 +235 + 2456 + 3456 
481 28 765442 «16 123-+1244134+125+135+ 1456 + 2345+ 2346+ 2356 + 2456 
482 28 865432 «15 = 123 +1244+1344+125+135+145+126+4 136 + 234 + 2356 + 2456 
483 28 865432 «18 123 +124+1256+1345+1356 +1346 + 2345 
484 28 875332 «15s: 12 +1344+1354+1364+1456+ 234+ 235 + 2456 

485 28 965422 15 12+4+1344+1354145+136+146+ 234+ 2356 

486 28 975421 16 12+134+ 13541456 +234 
487 28 924322 17 124 1345+ 1346 +1356 + 2345+ 2346 
488 29 765443, «160 123+. 124+1344+125+135+126+41456 + 2345 + 2346 + 2356+ 2456 + 3456 
489 29 7655383. 17): 123 +.1244+134412564+1356+14564 2345 + 2346 + 2356+ 2456 
490 29 87543218) = 123 +1244 125 +13454+ 1346+ 1356 + 2345+ 2346 
491 29 975431 16 124+1344135+1454+234+2356 
492 29 976421 17 123+1244125+126+134+135+ 234 
493 29 985322 17 12+134 +1356 +2345 + 2346+ 2356 
494 30 765543 «17 123+ 1244125 +134 +1356 +1456 + 2345 + 2346 + 2356+ 2456 + 3456 
495 30 876432 18 123-+1244125+134 +1356 + 2345 + 2346 + 2356 
496 30 975432 16 = 12+ 134413541454+136 +2344 2356 +2456 
497 30 985422 «17 12+134+1356 +1456 + 234+ 2356 
498 31 876532 ~=«:18 123+124+125+134+1356+4 1456+ 234+ 2356 
499 31 976441 17) 123-++124413441254135+4+145 +1264 2344235 
eso 31 985432 «17 12+134+135+ 1456+ 234+ 2356+ 2456 
501 32 876542 «18 123+ 124+134+125+4+135 +1456 + 2344+ 2356+ 2456 
502 32 976442 17 123-+124+134+125+135+145+126+136 + 234-4 235-+.2456 
503 33 876543 «18 


123+124+4134+41254135+4 1264 1456 + 234 + 2356 + 2456 + 3456 
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Ferroelectric Polarization Reversal 


by Linear Fields’ 


Hiroyuki SHIBATA,}+ Hiroo TOYODA,+ and Shigeru WAKU+ 


Ferroelectric polarization reversal of triglycine sulfate, and pure and impurity-doped 
barium titanate crystals was studied by the application of linearly rising field pulses The 
coercive fields of the substances increase with the dE/dt of the pulses, which ranged from 
10° to 10" Vcm™'sec"', and from the results imformation on the high frequency charac- 
teristics up to several hundred kilocycles per second is derived. The value of d(log Ec) 
dlog dE/dt) rises with dE/dt and approaches 1/2. A simplified phenomenological treat- 


ment of polarization reversal is presented, and the calculated values are in a fairly good 


agreement with the experimental results for triglycine sulfate. 


condition is briefly discussed. 


1. Introduction 


Polarization reversal of ferroelectrics de- 
pends on the measuring conditions, for ex- 
ample, the waveform of the reversing field 
and the setting condition; the former is charac- 
terized by its d#/dt and the latter means 
setting voltage, duration, and off-time. For 
the observation of the hysteresis loop, a 
continuous sine wave is usually used. The 
measurement includes, however, some incon- 
veniences. Both d#/dt and the setting con- 
ditions of the field depend on amplitude and 
frequency, and the effects can not be separated 
from each other. At high frequencies, the 
observation is disturbed by heating due to 
hysteresis loss. However, the application of 
linearly-rising field pulses excludes these faults. 
The pulses are characterized by a single time- 
indepent parameter dE /d¢ and the setting con- 
ditions can be varied independently. Frequen- 


* MS in Japanese received by the Electrical Commun- 
cation Laboratory, Jan. 23, 1961. Originally published 
in the Kenkyt Zituydka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), N.T.T, Vol. 10, 
No. 6, pp. 1197-1205, 1961. 

+ Ferroelectric Materials Research Section. 


The effect of the setting 


cy dependence of the reversal is readily ob: 
tained without disturbance due to a heating 
loss. 

Polarization reversal by a linear field has 
been performed on GASH crystals by Prut- 
ton.‘’> He had studied the change of maxi- 
mum switching current with dE/dt ranging 
from 10° to 10®Vcm™'sec'. The authors 
expanded the range from 10° to 10'°V cm™! 
‘sec.’ and studied the non-linear character- 
istics of triglycine sulfate (hereafter abbrevi- 
ated TGS) and barium titanate single crystals. 


2. Experimental Methods 


The pulses have the waveform shown in 
Fig.1. The pulse width varies from 1 wsec 
to 5msec and the repetition frequency from 
0.1 to 100c/s. The field strength in the 
crystals is so chosen that the pulse maximum 
and the negative setting field are 10 to 15 
kV/cm, respectively. The polarization curves 
are observed on a cathode-ray oscilloscope by 
using the so-called Sawyer-Tower circuit. 

Specimens examined were TGS crystals 
grown from the aqueous solution, barium ti- 
tanate crystals grown by the KF flux method; 
and barium titanate crystals containing Nb, Ta, 
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Voltage 


Setting voltage 


Fig. 1—Waveform of a linear field. 


Y, and, V of 0.1 mol per cent. The crystal 
thickness ranged from 0.002 to 0.02 cm, and 
gold electrodes with diameter of 0.1 cm were 
evaporated. Barium titanate crystals were 
etched in phosphoric acid, and c-domained 
crystals after poling were used. 


3. Experimental Results 


The polarization curves against field ob- 
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served on a cathode-ray oscilloscope corres- 
pond to one half of the hysteresis loop. Fig. 
2 shows the curves for TGS, taking d&/dt 
as the parameter. Coercive field E. is defined 
as the field where the average polarization 
vanishes, as in the case of sine wave measure- 
ment. Figs. 3 and 4 give the relations between 
E, and dE/dt for different temperatures for 
TGS and BaTiO, respectively. The gradient 
of the curves, d(log E-)/d(logdE/dt), increases 
with dE/dt; and in the case of TGS, it ap- 
proaches 1/2. The changes agree with the 
results of phenomenological theory described 
later. The results obtained for impurity-doped 
barium titanate are shown in Fig. 5, and are 
not so different from those obtained for pure 
crystals. The crystal thickness has such a 
large effect that the effects of impurities may 
be masked off. 

Repetition frequency has larger effects for 
TGS than for barium titanate. At room 
temperature, a frequency increase from 1 to 
100 c/s causes a ten per cent decrease of EF. 
for TGS. A similar decrease is found in 
barium titanate containing V2O; and Nb.O:. 


Polarization (arbitrary scale) 


6 8 10 


E in KV-cm>-! 


Fig. 2—Polarization curves for TGS. dE/dt is represented in 10° V-cm7+sec7! 
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Fig. 4—Coercive field vs. dE/dt curves for BaTiO; at various temperatures. 
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Fig. 5—Coercive field vs. dE/dt for BaTiO; containing impurities at 300C 
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A: Linear field, B: Sine wave field; according to Pulvari, 
C: Sine wave field; according to Domansky. 


Fig. 6—Comparison of E. for TGS obtained by two waveforms at room temperature 
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A: Linear field, B: Sine wave field; according to Husimi. 


Fig, 7—Comparison of E. for BaTiOs; obtained by two waveforms at room temperature 
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Figs. 2 to 5 show the results of measurements 
aAtaeey/ Ss 

In order to compare the results with those 
obtained by a sine wave field, the authors 
will approximate the sine wave as a linear 


field with dE/dt given as follows 


2 ears C1) 
dt 


where f and E,, stand for the frequency and 
amplitude respectively of the sine wave. Re- 
lations between EF. and dE/dt converted by 
the use of Eq. (1) are compared with those 
obtained by the linear field in Figs. 6 and 7. 
The sine wave values are cited from the 
work of Domansky‘ and Pulavari‘® for 
TGS, and from the work of Husimi* for 
BaTiO ;. Differences are more remarkable for 
BaTiO;. It is thought that the disagreement 
rises in setting conditions rather than in the 


failure of the approximation of Eq. (1), since 
a continuous wave is used in the sine wave 
measurement. The problem will be discussed 
later. 

The maximum switching current, imax, and 
the time, fn, when the current becomes maxi- 
mum are shown in Fig.8. Figs.6 and 10 
give the dependences of the coercive field on 
the temperature. 


4. Discussion 


The authors treat the ferroelectric polari- 
zation reversal from a phenomenological view- 
point. The following assumptions are first 
made: 

1. Polarization reversal occurs in two steps, 
that is, domain nucleation and domain growth. 

2. All the domain nuclei have a common 
and constant cross section and they sprout 
on one side of the crystal. 


cm ° 


in A. 


|max 


1/tmin sec-* 


100 10’ 108 


dE/dt in V-cn '- sec 


imar: Lhe maximum switching current, 


10? 
10! 


10° LO" 


1 


tm: The time at which the current becomes the maximum. 


Fig. 8—Switching current and switching time variations with dE/dt. 


* Private communication. 
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Fig. 10—Temperature dependences of coercive 


field in BaTiO. 


3. The probability of domain nucleation, 
p, depends on the applied field. 

4. The velocity of domain growth, v, is 
proportional to the field, that is, v= hE 
E)), » representing mobility. 

The number of remaining nuclei is given 


by 
= ees |e ! ; 
N=N exp 4 — pCE)dE }, (2) 
( C JO j 


where c=d/d¢ is constant for a linear field. 
Then, the following equation gives the switch- 
ing current for the field E: 


E 
pee (E-By)| 
cl {CE - Eo)2—(2el/p)}1/2-++ Eo 


lp (2 3 c 
x exp (-- bdé)pak, @) 


where Q is the total charge and 7 is the 
crystal thickness. The lower limit of the inte- 
gral originates from the condition that the 
reversed domains, which have penetrated 
through the crystal, no longer contribute to 
the current. In the experiment described pre- 
viously, it is thought that the condition E— 
E)>(2cl/p)'!? is satisfied. Then, Eq. (3) is 
reduced as follows; 


t= Olexp (-) Wale (4) 


The current merely depends on the rate of 
nucleation. 

The coercive field E. and the field Ena: 
where the switching current becomes maxi- 
mum are given by 


Ee 
\ p-dE=0. 7c. (5) 
and 
2s D2 Cece = i as (6) 
Cae Se : 
respectively. 


For a most simple dependence of p on E, 
that is, p=a’E, the relation 
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Fig. 11—Comparison of coercive field in TGS. Small circles represent E. by linear 
field and solid lines show the curves calculated according to Eq. (8). 


Sey. o 


is obtained. Then d(log E.)/d(og dE/dt) is 
equal to 1/2.°° In a polarization reversal ex- 
periment by the use of rectangular pulses, 
Merz‘? found that the maximum switching 
current is proportional to exp(—a/E) for 
small fields and to E for large fields. If the 
.dependence is dominated by the nucleation 
rate, it is expected that the relation p=aE 
x<exp(—a/E) holds. Substitution into Eq. (6) 
gives 


E VG Gi 


2 log Emax — a log 5 ( Is = \. (8) 


Gis ar JB rp, 


Eq. (8) expresses that d(log Emaz)/d(log dE/dt) 
rises with dH/dt and approaches 1/2. The 
deviation of the gradient from 1/2 increases 
with a. Substituting a®, obtained from the 
rectangular experiment in a similar setting 
condition, into Eq. (8) and neglecting the 
difference between Ena, and E., the calculated 
curves are compared with the experimental 
results in Fig.11. The agreement is fairly 
good. 

The smaller value of E, in the continuous 
sine wave experiment than that in the pulse 
experiment is thought to correspond to the 
decrease of a. Fatuzzo‘ and one of the 
authors‘ have reported the variation of a 
and the maximum switching current depend- 
ing on the setting condition. The value of a 


increases with the negative setting field ap- 
plied to the crystal and its duration and off- 
time. The first two effects are probably due 
to space charge formation, but this is not the 
case for the third effect. 

Irradiated and impurity-doped crystals of 
TGS exhibit an abnormal hysteresis loop,‘” 
showing an occurrence of internal biasing 
field. When the irradiation period is short or 
the impurity concentration is small, heating- 
up of or alternating voltage applied to the 
crystal temporarily removes the anomaly; 
which reappears, however, with a lapse of 
time. The results suggest that some rear- 
rangements of bonding around the imperfec- 
tions arise slowly and have a close relation 
to the polarization direction. The crystal sur- 
face is thought to play the role of such an 
imperfection and to give rise to a time effect 
in polarization reversal. 

In barium titanate, the effect of the setting 
condition is less considerable than in TGS 
and the dependence of EF. on dE&/dt changes 
markedly with the crystal thickness. Eq. (3) 
means that the increase in thickness would 
invite a higher coercive field. The observed 
results, however, do not show this to be the 
case and there should be other effects due 
to, for example, the surface layer‘'® which 
is now under investigation. 


5. Conclusion 


The use of a linear field for the polari- 
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zation reversal experiment of ferroelectrics is 
very effective to exclude the ambiguities con- 
tained in the sine wave measurement and to 
simplify the analysis of the results. The 
switching current and accordingly, the co- 
ercive field are given by the functions of 
only one parameter, that is, the time-inde- 
pendent dE/dt of the pulse field, if the 
setting conditions are kept constant. The co- 
ercive field of two ferroelectrics examined 
increases with dE/dt. In TGS, d(log E.)/ 
d(log dE/dé) rises with dE/d¢ and approaches 
1/2, independent of temperature. In BaTiOs, 
the variation with dE/dt is somewhat mild 
for the same region. A phenomenological 
consideration of the polarization reversal ex- 
plains the dependence of the coercive field 
quite well, according to an assumption that 
the switching is dominated by the rate of 
domain nucleation. Coercive field obtained by 
a linear pulse is larger than by a continuous 
sine wave with similar dE/dt. The difference 
is probably due to the dissimilarities of the 
setting conditions in two waveforms. 

The authors wish to express their sincere 
thanks to Dr. H. Hirabayashi and to Mr. K. 
Hushimi for their helpful suggestions. 
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Formation of Cesium Antimonide. II. Formation 
of Cs,Sb at Temperatures below 130°C’ 


Kiyoshi MIY AKE* 


Films of cesium antimonides were prepared in the temperature range from 28°C to 
130° C under a constant vapor pressure of cesium. The changes in electrical properties of 
the samples produced by the reaction of cesium with antimony were observed in each stage 
of the formation process. Electrical resistivity vs. reaction time curves of the samples pre- 
pared at all temperatures had two maxima and one minimum, whereas changes in photo- 
response depended on the preparation temperature; photoresponse vs. reaction time curves 
for samples prepared at temperatures above 100°C had a maximum near the second 
maximum of the resistance, and the curves for samples prepared at temperature below 
85° C had two maxima and one minimum which occurred near the corresponding points 
on the resistance curves. The material at the second maximum on the resistance curves was 
supposed to be Cs3Sb, whose maximum resistivity at O°C and maximum photoresponse at 
room temperature were 1530 ohm-cm and 55 pA/lumen, respectively. The maxima and 
the minimum of the resistance vs. time curves are discussed in connection with the electri- 


cal resistivity of films of the cesium-antimony system. 


1. Introduction 


Cesium antimonide used as the cathode 
material of photo-tubes has been studied by 
many investigators, but there are some dis- 
crepancies in the reported values of electrical 
conductivity, thermal activation energy as- 
sociated with conductivity, and photoelectric 
response of this material; which would arise 
from variation in the composition of the 
samples used. Usually, cesium antimony 
photocathodes are prepared at about 150°C 
by reacting cesium with an evaporated anti- 
mony film until the photoresponse attains a 
maximum value. Investigators, however, 
have not always prepared the cathode at the 


boratory on 17 January 1961. Originally published in 
the Review of the Electrical Communication Labora- 
tory, Vol. 9, Nos. 5-6, pp. 287-294, 1961. 
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same temperature. 

Prilezhaev‘’ prepared the cathode in the 
temperature range from 140°C to 260°C; 
Sommer,‘” from 140°C to 190°C; Janes and 
Glover,°” and Janes,‘” from 150°C to 170°C; 
Khorosh,‘®” from 120°C-to 180°C; Fainsh- 
tein,“ at 210°C; Suhrmann and Kreisen,‘” 
at 160°C; and Wallis,@? from 120°C to 
150°C. Suhrmann and Kreisen, and Menshi- 
kov,‘? reported that an intermediate com- 
pound was formed by treating an antimony 
film with cesium vapor at room temperature. 
Janes and Glover‘S®? also observed that an 
alloy of antimony and cesium was formed at 
room temperature. 

In general, at the usual preparation tem- 
peratures, the reaction rate of cesium with 
the antimony film is very fast, so that it is 
difficult to observe the course of the reaction 
in detail. Therefore, information on the re- 
action of cesium with antimony and on _ the 
characteristics of the compounds with definite 
composition which are formed in the course 
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of reaction will be obtained by measurements 
of the resistance and photoresponse of films 
only if cesium antimonide is formed at a 
sufficiently slow reaction rate at lower tempra- 
tures. 

The purpose of this investigation is to study 
the following matters: (1) Preparation of cesi- 
um antimonide having nearly stoichiometric 
composition at a slow reaction rate under a 
constant vapor pressure of cesium. (2) Pos- 
sibility of the formation of cesium antimonide 
at temperatures ranging from 130°C to room 
temperature. (3) Electrical resistivity and its 
temperature dependence, and photoelectric 
response of the films at definite stages in the 
course of formation. (4) Activation energy of 
the reaction required for the formation of 
compounds. 


2. Experimental Procedures 


Fig. 1 shows the reaction tube used. Cesium 
antimonide was prepared on a glass plate 
(10mmX8mm) mounted in a_ cylindrical 
borosilicate glass envelope (4cm diam. and 
12cm long.). The glass plate has platinum 
foil leads imbedded into opposite edges which 
were platinized over to obtain a good contact 
with the film to be deposited. The purity of 
the antimony used was higher than 99.99%. 
“ Metallic cesium was made by reducing 
cesium chromate with silicon. 

Experimental tubes were prepared by the 
following procedures: (i) The whole tube 
was evacuated and baked at a temperature 
of 300° C to 350°C for 3 hours. Gi) Anti- 
mnoy was evaporated onto the glass plate 
from tungsten coils. The thickness of the 
film evaporated on the glass plate (900 A) 
was calculated from that of a film evaported 
on the inner wall of the envelope, which was 
determined by comparing it with the known 
thickness of a reference film. (iii) Metallic 
cesium was distilled through a condensing 
chamber, and stored in a side tube (1.5cm 
diam. and 12cm long.). (iv) The assembly 
including the side tube was tipped-off from 
the evacuating system at a vacuum better 
than 1X10°'mm Hg. The maximum devi- 
ation in thickness of the films evaporated on 
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Fig. 1—Reaction tube used for the preparation 
of cesium antimonide. 
(1) Anode. (2) Glass plate on which 
the sample is prepared. (3) Platinized 
area. (4) Platinum foil lead burned in 
glass. (5) Evaporator. (6) Mica support. 
(7) Hard glass envelope. (8) Side tube 
in which metallic cesium is stored. 
(9) Condensing chamber. (10) Nickel 
pellet containing cesium chromate and 
silicon. 


the glass substrate was estimated to be less 
than 50 A. Antimony was evaporated at a 
sufficiently slow rate to obtain a uniform film 
thickness.“'? 

In general, cesium vapor makes contact 
with an antimony film, followed by the 
formation of a nonmetallic compound between 
them. The formation rate of the compound 
would be determined by either the diffusion 
rate of the cesium atoms through the film or 
the rate of arrival of the cesium atoms on 
the surface of the film. If the rate of arrival 
is larger than the diffusion rate, the formation 
rate of the compound will be determined by 
the diffusion rate of the cesium atoms. In 
the present work, the whole tube including 
the side tube containing a large amount of 
metallic cesium was heated at a constant 
temperature, and the reaction of cesium vapor 
with the antimony film took place under the 


conditions mentioned above. Consequently, 
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the cesium content in the film is not pro- 
portional to the reaction time. The area of 
the inner surface of the side tube and the 
diameter of the neck at its upper end were 
determined considering the rate of supply of 
cesium vapor. 

The experimental procedures for the for- 
mation of cesium antimonide were as follows: 
Lhe assembly was heated in an electric furnace 
kept at a given temperature. With both ends 
of the electric furnace closed, the maximum 
deviation in the temperature distribution along 
the whole length of the assembly could be 
held below 2°C. The temperature of the 
furnace was automatically controlled and was 
kept- at a temperature constant to within 
cE OE oC: 

After heating for a given time, the assembly 
was taken out of the furnace, and immediately 
the side tube was cooled with dry ice or liquid 
oxygen in order to distill any nonreacted cesi- 
um into it; thereafter the electrical resistance 
and the photoresponse of the sample were 
measured. Such experimental procedures were 
repeated until the sample had the usual photo- 
response of cesium-antimony photocathodes 
and had a high electrical resistance (as shown 
in Figure 2). 

The electrical resistance of the samples was 
measured at 0°C in total darkness, and the 
photoresponse to the ligth of a tungsten lamp 
(2847° K) was measured at room temperautre. 
The temperature dependence of the resistance 
was measured after the samples had been 
stored in total darkness for 16 hours. During 
the measurement of the electrical properties 
of the samples, the side tube was cooled with 
dry ice to prevent the evaporation of metallic 
cesium. 


3. Experimental Results 


Figure 2 shows typical changes in the 
electrical resistance and photoresponse of the 
sample with successive heating at given tempr- 
tures. At any heating temperature, similiar 
behavior of resistance change was observed, 
i.e. the resistance vs. time curves had two 
maxima and one minimum. On the other 
hand, the change in photoresponse depended 
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Fig. 2—Changes in the electrical resistance and 
photoresponse of the samples during the 
formation of CssSb. Resistance was 
measured at 0°C, and photoresponse was 
determined for the light of a tungsten 
lamp (color temperature 2847°K). 


on the heating temperatere; above 100°C the 
response increased monotonically with increas- 
ing time and reached its usual value (about 
40 uA/lumen) before the resistance reached 
the second maximum of the curve, which 
agrees with the results obtained by Miyazawa, 
G2) below 85°C it changed together with the 
resistance. It should be noted that even at 
room temperature a material having a_ usual 
value of photoresponse of the antimony-cesium 
photocathodes was formed after a long time. 

Such relations between the electrical proper- 
ties and the reaction time (heating time) were 
reproducible at any reaction temperature, ex- 
cept for the reaction at 130°C. In the experi- 
ment at 130°C four samples were used, two 
of which did not have the large first maximum 
of resistance. The first maximum appearing 
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Fig. 4—Changes in the electrical resistance and photoresponse 


during prolonged heating at 130°C 


in the reactions below 85°C had a structure 
consisting of two small peaks as shown in 
Figure 3. 

The minimum of the resistance vs. time 
curves occurred for all reaction temperatures. 
However, the resistance of the samples _pre- 
pared at lower reaction temperatures did not 
change monotonically from the first maximum 
to the minimum, but a small hump appeared 
between them. 


The second maximum of the resistance and 
the usual photoresponse of the antimony- 
cesium photocathodes were obtained only 
when the nonreacted cesium vapor was com- 
pletely distilled in the side tube cooled by 
liquid oxygen; otherwise the resistance and 
the photoresponse were considerably reduced. 
When the experimental procedures mentioned 
previously were further repeated beyond the 
second maximum of the resistance, the re- 
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sistance and the photoresponse decreased with 
increasing time as shown in Figure 4. Gener- 
ally, when the resistance of the samples ap- 
proached the second maximum, their photo- 
responses were activated by drawing large 
photocurrents from them. At the same time, 
their resistances also increased. These _in- 
creases in the resistance and photoresponse 
were shown by arrows in Figure 2. 
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Fig. 5—Electrical resistance of the samples as 
a function of the reciprocal of the 
absolute temperature at the first and 
second maximum and the minimum of 
the resistance vs. time curves. (The 
stages at which the temperature de- 
pendence of electrical resistance was 
measured are shown in Fig. 2 by filled- 
in circles on the curves.) 


Figure 5 shows typically the relation be- 
tween the logarithm of electrical resistance 
and the reciprocal of the absolute temperature 
obtained at three stages of the films, namely 
the first maximum, the minimum, and the 
second maximum of the resistance vs. time 
curves. Filled-in circles on each curve in 
Figure 2 show the three stages at which the 
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temperature dependence of the resistance was 
measured. 

A drift phenomenon in the electrical re- 
sistance of the compounds having a compsition 
near the second maximum was observed. In 
such cases the measurement was carried out, 
with the applied voltage between the two 
leads to the film reduced to less than 0.2 V 
from the usual value 1.5 V, after the tube 
had been stored in total darkness for more 
than 16 hours.¢2~C 

Electrical resistivity, thermal activation ener- 
gy associated with conductivity, and photo- 
response of the films at the two maxima 
mentioned previously are tabulated in Table 
1. The electrical resistivities were caluclated 
using the thickness of evaporated antimony 
films (900 A). The electrical resistivity and 
the thermal activation energy at the first 
maximum tabulated in Table 1 are those which 
were measured at the first peak in the 
maximum, except for those of the samples 
prepared at temperatures above 100°C. 


4, Discussion 


In our previous work on the electrical 
resistivity of the films of the cesium-antimony 
system,‘'” the heating of the films was con- 
tinued at a constant temperature until no 
change in electrical resistance was produced 
by further heating. It was then assumed 
that the composition of the films was homo- 
geneous. On the other hand, in the present 
work, a small concentration gradient of cesium 
atoms would be present in the film at stages 
in the course of the reaction. This is because 
the heating of the samples, as well as the 
supply of cesium vapor, was stopped and the 
samples were immediately cooled to room 
temperature for every measurement of the 
electrical properties. 

It has been generally accepted that the 
composition of a cesium antimonide having 
the highest photoresponse corresponds to the 
formula Cs3;Sb. In the present work, it was 
found that the highest photoresponse occurred 
at the second maximum of the resistance vs. 
time curves as shown in Fig. 2 and Fig. 4. 
Moreover, the electrical resistivity and the 


292 REVIEW 


OF THE ELECTRICAL COMMUNICATION LABORATORY 


Table 1 


ACTIVATION ENERGY, RESISTIVITY, AND PHOTORESPONSE 


SECOND MAXIMUM AND AT THE MINIMUM 


First maximum 


| ae a isd ae 
Sample number PEA iat | Denner aie vig Rees OBE eae | 
ee: Me 28 | 0, 62 740 9.6 | 
G-33 39 | 0. 60 720 14 
G-31 50 0. 60 900 ili 
G-26 70 0. 62 1300 20 
G-35 85 0. 62 760 YAY 
G-36 100 0. 62 740, — 
G-37 130 0.52 90 — 
G-19 130 | == 380 a 


thermal activation energy associated with con- 
ductivity at the maximum tabulated in Table 
1 agree with those of Cs3.9;Sb obtained pre- 
viously. Thus it is supposed that the second 
maximum of the curves arises from the for- 
mation of Cs3Sb. 

As shown in Fig. 4, the resistivity and the 
photoresponse of the samples are generally 
decreased by further heating beyond the second 
maximum of resistance. It was reported pre- 
viously that compounds containing an amount 
of cesium larger than Cs3Sb could be formed. 
Also it has been found that the partial pressure 
of cesium over Cs;Sb at 130°C measured by 
Langmuir’s positive ion method is about 3x 
10°’ mmHg.“ In the present work, the 
samples were prepared under the saturated 
vapor pressure of cesium (4X10°-*> mmHg at 
130°C). Thus the decreases in the electrical 
resistivity and the photoresponse, which occur 
after the resistance reaches the second maxi- 
mum, would be caused by the formation of 
the compound having an amount of cesium 
larger than Cs3Sb. 

It was suggested previously that there were 
compounds in the cesium-antimony system: 
CsSb, Cs3Sb2, Cs,Sb, and Cs;Sb; and it was 
expected that the peaks of the resistance 


corresponding to the formation of the com- 
pounds would appear in the resistance vs. 
time curves. However, no peaks appeared 
between the first and the second maximum of 
the curves, except that in the reaction below 
85°C the first maximum of resistance splits 
into two peaks as shown in Fig. 3. 

Therefore another experiment was carried 
out at room temperature in order to observe 
the change in the resistance near the first 
maximum in detail using thin antimony films 
(300 A). It was found that the first maximum 
of the curve for the films consisted of two 
small peaks. The electrical resistivities and 
activation energies tabulated in the third 
column of Table 1 agree with those of 
Cs,.o25b reported previously. Thus, from the 
results obtained by several investigators?» 
“and the facts mentioned above, the com- 
pounds at the first peak and the second peak 
on the maximum are deduced to be CsSb 
and Cs;Sbe, respectiveiy. 

On the other hand, it was difficult to ob- 
serve the peak on the resistance vs. time 
curves corresponding to the formation of 
Cs,Sb. This is probably due to the following 
condition: In general, a small concentration 
gradient of cesium atoms will be present in 
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OF THE SAMPLES AT THE FIRST MAXIMUM AND THE 
ON THE RESISTANCE VS. TIME CURVES 


—— eee EE Eee 


Minimum . Second maximum 
a ae eel Soars 0°C i ete oe energy Br ede 0°C | BAN rs 
0. 24 ae, 0. 65 0. 71 340 2 
0), il a2 one 0.71 1530 33 
0. 23 5.4 4.9 0.71 500 42 
0. 24 15 250 0. 73 360 30 
0. 28 ll 5.8 ORC 410 54 
— 34 24 0. 78 150 51 
0. 50 21 40 0.78 210 55 
— 21 35 — 270 40 


the film. Consequently, it is probable that a 
layer of Cs:.92Sb with high resistivity, 2.85 
<10* ohm-cm, and a thin-layer of Cspo.1.Sb 
with low-resistivity, 7.99X10~* ohm-cm, are 
simultaneously present in the film. If a layer 
of Cs:.12Sb whose thickness is larger than 
10 A is present in the film, the resistance 
will be reduced to the order of 10 ohms even 
though all other layers except the Csp.,2.Sb 
are insulators. It is therefore supposed that 
the peak due to the formation of Cs ,Sb disap- 
pears and the minimum due to the formation 
of the Cs:.;2.Sb layer appears. The activation 
energies of the films at the minimum in the 
formation below 85° C are in good agreement, 
although the resistivity increased with in- 
creasing temperature of formation (Table 1). | 
From a plot of the logarithm of the recipro- eo Neer 

: : cy al 2.4 2.6 2.8 3.0 312 3.4 
cal of the time required for attaining the first ee 
peak on the first maximum and one of the iy 
time required for reaching from the peak to t 
the second maximum to the reciprocal of the first maximum and the time between 

: , the first and the second maximum 
absolute temperature of the reaction, linear Wena TA eles eS eer oan 
relations were obtained as shown in Fig. 6 ecactionatemperatare ick! 
and are given by the following equations. 
1/t=7.24X10" exp (—14300/RT), 
for the first peak, 
1/t=3.39 X10° exp (—11500/RT), 


1/Time Required (hrs *) 


Fig. 6—The time required for attaining the 
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for the second maximum, where ¢ is 
the time in hours. 

As shown in Fig.2, the change in the 
photoresponse depends on the temperature 
at which the samples are prepared. This 
temperature dependence is caused by the 
difference in the concentration gradient of 
cesium atoms in the films, because the concen- 
tration gradient is determined by the relative 
magnitude of the diffusion rate of cesium 
atoms to the supply rate of cesium atoms. 

Recently, Sommer reported that the dark 
resistivity of Cs;Sb measured at 150°C was 
still increasing at the point of peak photo- 
response and reached a maximum only if 
further cesium was added.‘'* Similar be- 
havior in the dark resistance observed at 
170° C was reported by Imamura.‘ How- 
ever in the present work, the dark resistance 
of the samples measured at 0°C reached a 
maximum before attaining a maximum photo- 
response, which was observed near the first 
maximum of the resistance as well as near 
the second maximum. This disagreement in 
the behavior is mainly due to the difference 
in the temperature at which the resistance 
was measured, in the thickness of the films 
used, and in the method of preparing the 
samples. The thermal activation energy as- 
sociated with conductivity of the cesium anti- 
monides varies with different compositions. 
It is therefore probable that the resistance of 
a Cs3Sb film with a small amount of excess 
cesium is higher than that of Cs;Sb, which 
depend on the temperature at which the re- 
sistance is measured. 
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Formation of Cesium Antimonide. III. Loga- 
rithmic Growth of Cesium Antimonide Films 


on Antimony 


Kiyoshi MIY AKE*. 


Surface reaction of vacuum evaporated antimony films with cesium vapor was studied 


-at room temperature in relation to the formation of cesium antimonides. 


Film in the 


thickness range between 250 A and 1100 A were used. Changes in the electrical resistance 
of these films produced by the reaction were observed, and the thickness of the growing 
layer of compound was determined using the thickness of the non-reacted antimony layer 
calculated from its electrical resistance during the course of the reaction. It was then found 
that the following relation between the thickness of the growing layer, x, and reaction 
time, t, held t>c. x=k log (t/c4+ 1), where k and c are constants. 


1. Introduction 


Many metals react with gases such as oxy- 
gen, the halogens, and sulfur at high temper- 
ature, and some even at room temperature, 
followed by the formation of the oxide or 
other compound on their surfaces. In the 
investigation of the surface reactions of metals; 
several methods, such as optical, weighing, 
and electrical methods, have been used to 
estimate the thickness of the surface layer 
formed, and to deduce the end of the re- 
action.‘ 

The reaction of antimony films with cesium 
vapor is also one of the surface reactions of 
metals, and it has been suggested in our 
previous work‘ that the reaction at the early 
stage of formation of cesium antimonide films 
is a kind of reaction in which an _ electropo- 
sitive gas; namely, cesium vapor makes con- 


* Ms in Japanese received by the Electrical Communi- 
cation Laboratory on January 10, 1961. Originally 
published in the Kenkyéi Zituyéka Hokoku (Electrical 
Communication Laboratory Technical Journal), Vol. 
10, No.6, pp. 1233-1236, 1961. 

{+ Semiconductor Research Section. 


tact with the antimony film which behaves 
as an electronegative metal, followed by the 
formation of a nonmetallic compound between 
them. The compound has a very high resis- 
tivity, and has been suggested to be CsSb. 
(3),(4),(5) 

In our previous work, it was found that a 
film of Cso.9:Sb has a very low resistivity, 
about 10°*ohm-cm, and showed a metallic 
character; whereas a film of Cs,.9.Sb had a 
high resistivity, about 10° ohm-cm, and ex- 
hibited the characteristics of a semiconductor. 
And it was suggested that the film of Cso.9; 
‘Sb consisted of a thick CsSb layer and a 
thin layer of non-reacted antimony or dilute 
cesium-antimony alloy. 

Therefore, if the increase in electrical re- 
sistance of an antimony film at the early stage 
of the formation of cesium antimonide, which 
is produced by the reaction of cesium with 
the antimony, is due to decrease in thickness 
of the antimony layer, a relation between 
the thickness of growing layer of the com- 
pound and the reaction time will be obtained. 
In view of the above considerations, this work 
was carried out. 
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2. Experimental Procedures and Results 


The experimental reaction tube used con- 


sists of an evaporator and a square glass plate 
mounted in a cylindrical glass envelope (4 cm 
diam. and 10 cm long). A side tube consisting 
of a U-shaped trap for cesium were connected 
to one end of the glass envelope. A weighed 
fragment of antimony was located in the 
evaporator, from which it was evaporated on 
the glass plate. The trap for cesium vapor was 
cooled with liquid nitrogen or oxygen when 
the reaction was to be stopped. The tubes 
were evacuated and baked out under the same 
conditions as those mentioned in our previous 
report. The evaporation rate of the antimony 
ranged from 0.01 to 0.002 mg per cm* per min 
to obtain a film of uniform thickness.“? The 
antimony was evaporated at room temperature 
in a vacuum better than 3X10°* mmHg. The 
thickness of the antimony films used was calcu- 
lated using a known amount of antimony, and 
the distance between the evaporator and the 
substrate was varied from 250A to 1100 A 
in order to study crystallized films.“ The 
dimensions of the film used were 4mm long 
and 10mm wide. 

The experiments were carried out under 
conditions in which the rate of supply of the 
the cesium vapor was higher than the for- 
mation rate of the compound, in order that 
the latter was not determined by the former. 
Consequently the leakage current due to ad- 
sorbed cesium on the glass surfaces, which 
appears in the measurement of the electrical 
resistance, increases with increasing time of 
reaction. The leakage current, therefore, was 
monitored by measuring the resistance be- 
tween two leads connected to the sample and 
the evaporator, and the resistance was esti- 
mated to be about 10° ohms at the final stage 
of the reaction. 

The original resistance of the antimony 
films was calculated using their dimensions 


and the electrical resistivity in bulk.* Prior 


* Leverton and Decker have studied the resistivity of 
thin films ot antimony prepared by distillation, and 
reported that the resistivity of the annealed films 
was 1.28 times that of bulk antimony. (Phys. Rev. 
80, 732 (1950). 
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to the experiment, the total resistance be- 
tween two leads attaches to the opposite edges 
of the glass plate was measured order to de- 
termine any resistance other than the original 
resistance of the antimony film to be studied. 
The resistances except for the original re- 
sistance were determined by subtracting the 
original resistance from the total resistance 
measured, and were found to be less than 30 
ohms. 

The reaction of cesium vapor with the anti- 
mony films was carried out at room temper- 
ature in total darkness in order to eliminate 
the effect of light on the reaction rate. The 
electrical resistance of the samples was mea- 
sured under the same conditions. All the 
measurements of resistance were carried out 
using a potentiometer and a standard resist- 
ance. 

The resistivity of the compound layer 
grown on the surface of antimony is about 
10’ times that of antimony in bulk, so that 
the resistance of the samples measured at the 
early stage of the reaction may be regarded 
as that of the non-reacted antimony film. 
Then, neglecting an increase in volume of the 
film which may be produced by the reaction, 
the thickness of the growing layer was de- 
termined by subtracting the thickness of the 
non-reacted antimony layer calculated from 
the resistance of the sample in the course of 
reaction from the original thickness of the 
antimony film.t 

Fig. 1 shows schematically the sample at 
the initial and intermediate stages of the re- 
action. Fig. 2 shows the typical relations be- 
tween the electrical resistance of the samples 
and the reaction time. The resistance of the 


} The thickness of the growing layer should be pro- 
portional to thickness of the antimony layer con- 
sumed by the reaction, provided that a homogeneous 
layer of the compound is formed. The thickness de- 
termined by the subtraction is that of the consumed 
antimony layer, so that the correct value of the 
thickness of the growing layer will be obtained by 
multiplying it by a factor. We, however, have no 
quantitative information on the volume change in 
the formation of CsSb from the components. There- 
fore, we adopted this method, by which the linear 


relation between x and log t shown in Fig. 2 is not 
altered. 
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Fig. 1—Schematic diagram of the film at the 


Resistance (ohm) 


Electrical 


initial and intermediate stages of the 
reaction. 


(1) Glass substrate. (2) Platinum foil 
lead. (3) Platinized area for obtain- 
ing a good contact between the plati- 
num foil and the evaporated antimony 
film. (4) Evaporated antimony film 
before reaction. (5) Non-reacted anti- 
mony layer. (6) Surface layer of cesi- 
um antimonide grown on antimony. 
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Fig. 2—Changes in the electrical resistance 


of samples produced by the reaction 
of cesium with antimony. Numbers 
on each curve show the thickness 
of the original antimony films. 


Zon 


samples increases with increasing time and 
reaches a maximum at which the resistance 
is above 10’ ohms. 

Fig. 3 shows the thickness of the compound 
layer grown on antimony films as a function 
of the logarithm of reaction time. As shown 
in the figure, the thickness of the growing 
layer x in A and time ¢ in hours are related 
by the following equation until the thickness 
of non-reacted antimony layer is reduced to 
about fifty Angstroms. 


1200 
900 
e 
2 
rr) | 
2 
< 
= 600 
22) 
22) 
cob} 
g 
Oo 
= I 
| ol 
300 
0 = | 
2 10 20 100 200 


Time (hour) 


Fig. 3—Relations between the thickness of the 
compound layer grown on antimony 
film and the reaction time at room 
temperature. Numbers on each curve 
show the thickness of the original anti- 
mony films. 


x=klog (+1) (1) 


where & and c are constants. 

Generally there is an induction period of 
the reaction, and for ¢>>c, the functional re- 
lation between x and ¢ shown by Eq. (1) is 
reproducible. However, k and c were not 
always constants; with different samples k 
varied from 310A to 520A, and c varied 
from 1.1 hrs to 3.2 hrs. With thin films below 
300 A, and for the induction period the plots 
between x and log?¢ were scattered. 
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3. Discussion 


As shown in Fig. 3, the linear relation be- 
tween x and logt holds for ¢>c. However, 
after the thickness of the non-reacted antimo- 
ny layer had been reduced to below 50A, 
measured points departed from the curves 
given by Eq. (1), and a comparatively long 
time was required until the whole layer of 
the sample had completely changed to the 
compound. Therefore, the formation mecha- 
nism of the compound at this stage may be 
different from that at the early stage. 

At the early stage of the reaction, a re- 
markable induction period was generally ob- 
served. For this stage, the resistance of the 
films was only a small part of the total re- 
sistance, and also only a small increase in 
resistance was produced by the progress of 
the reaction. Consequently, a comparatively 
large error in the calculated thickness of the 
growing layer resulted and it was estimated 
to be about 15 A for a layer with a thickness 
of 300 A. The error increases with decreasing 
thickness of the layer. Therefore, more pre- 
cise measurements of the electrical resistance 
are required for obtaining an exact relation 
between x and ¢ at this stage. 

Many investigators have studied evaporated 
antimony films, and found that the structure 
of the films and their electrical properties 
were dependent on the evaporation rate of 
the metal, the thickness of films, and the 
temperature of the substrate.“ Frimer“@” 
investigated vacuum-evaporated thin layers of 
antimony and layers of cesium on antimony 
by means of the electron microscope and 
electron diffraction, and found that the slowly 
evaporated antimony layer apparently became 
continuous at a thickness of 300 A. He also 
found that the condensation of the first layer 
of cesium on the antimony film changed its 
appearance from homogeneous granular to 
heterogeneous. His results suggest that our 
samples also had irregularities in microscopic 
surface conditions and variations in the granu- 
lar structure of the film. Therefore, the vari- 
ations of rate constant and induction period 


with different samples may be related to these 
matters. 
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Pilling and Bedworth” have pointed out 
that in the surface reaction of metals with 
gases the volume of the compound formed 
must be larger than that of the reacting metal 
in order to form a protective surface layer 
free from pores. Unfortunately, we have no 
information on the volume change of CsSb 
during the formation from its components. 
However, Jack and Wachtel‘'” have investi- 
gated the crystal structure of cesium antimo- 
nide with various compositions by X-ray cry- 
stal analysis, and observed that samples of 
the powder had increased in volume when 
cesium vapor reacted with antimony. Munesue 
(3) has investigated the change in the thick- 
ness of films during the formation of cesium 
antimonide by an optical method and found 
that the thickness of the film increased to 
several times that of the original antimony 
film. From their results the surface layer of 
cesium antimonide formed on the antimony 
films is reasonably assumed to be compact. 

If the rate determining step of the for- 
mation reaction of the compound is a diffusion 
process of cesium or antimony atoms through 
the layer, and the rate of growth is propor- 
tional to a concentration gradient in the layer, 
a parabollic equation for the growth of the 
compound will be obtained. We, however, 
obtained a logarithmic equation for the 
growth. Therefore, the formation rate of the 


compound may be determined by other pro- 
cesses. 
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A Method of Quantifying Fe* and Mn* 
in Sintered Mn-Zn Ferrites’ 


Hideo NAGATO+ 


In order to determine the quantity of Mn**, “experimental designs” were applied in 
inspecting the analytical conditions using H;,PO,-HCLO, series solution. The ferrite 
samples were dissolved in a mixed solution of poly phosphoric and perchloric acid at high 
temperature (265°C) in a short time (10 sec.), and the extinction of Mn** in the solution 
was measured. To determine the quantity of Fe®+, the samples were dissolved in poly 
phosphoric acid solution containing Mn** at the same temperature, and the increase or 
decrease in the extinction of Mn?* was measured. The quantity of Fe** was found from 
this extinction change and the above mentioned results. The method was applied to the 
determining of the composition of sintered iron oxides, sintered manganese oxides, and 
sintered Mn-Zn ferrites having different compositions prepared by different sintering and 


quenching conditions. 


Introduction 


Sintered materials of the MnO-ZnO-Fe,O, 
ternary oxide series are widely used for 
carrier frequency telephone apparatus. The 
magnetic characteristics of these sintered 
oxides vary according to the sintering con- 
ditions, and the reason for this has been 
generally thought to be due to the fact that 
the valencies of iron oxide and manganese 
oxide easily vary to higher than divalent, and 
the amounts and the distributions of Fe?", 
Fe’*, Mn**, Mn** in the oxides change with 
oxidation or reduction due to the sintering 
treatment. 

Methods of quantitative analysis of metal 
ions which have this spinel form with  vari- 
ous valencies has not been given in domestic 
and foreign references. The author has studied 


* MS received by the Electrical Communication Labora- 
tory on October 15, 1960. Originally published in 
the Kenkyi Zituydka Hokoku (Electrical Communi- 
cation Laboratory Technical Journal), N.T.T., Vol. 
10, No. 4 (1), pp. 629-656, April 1961. 

Semiconductor Research Section. 
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a chemical quantitative analysis method of the 
valency for control of the magnetic characters 
of sintered materials. Next, he made sintered 
iron oxides, sintered manganese oxides, and 
sintered Mn-Zn ferrites under various con- 
ditions, after which he performed quantitative 
analysis and deduced the compositions of each 
sintered material from the analytical results. 


1. Analysis of Mn-Zn Ferrites 


1.1. Absorption Curve of Mn**+ and 
Calibration Curve 


Although many methods of preparation of 
Mn** standard solution have been reported, 
the author found a new method which con- 
sists of the decomposition of KMnQO, with a 
heated mixed acid solution (H;PO,/HO1O;= 
30/1 by vol.). Mn** was also prepared from 
manganese ¢ oxide and manganese carbon- 
ate as well as from KMnQ,. 

This method is a new method for prepar- 
ing Mn** standard solution and can be briefly 
explaining as follows: 30 ml. of the mixed 


VOLUME 9, NUMBERS 5-6, MAY-JUNE, 1961 


OS ia 


ON 


Exitinction 
fo) fo) 
NO Ww 

Ie 


360 400 500 600 
Wave Length(my ) 


Fig. 1—Extinction-core entration curve of Mn**. 
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Fig. 2—The relation curve between the oxidation 
temperature of Mn®* to Mn** and the 
composion ratios of H;PO4/HCLOs.. 
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acid solution is put into a 100ml. quartz 
beaker, next the calculated amount of KMn- 
O, powder is added and then the whole 
system is heated. KMnQ, will be decomposed 
at about 100°C and much O, will be expelled. 
If the solution temperature rises to 265°C, 
the heating source is taken away, the so- 
lution is cooled, diluted with water to 100 
ml., and the extinction of the dilute solution 
is measured by using a lcm cell with 520 
my wave length. The absorption curve and 
calibration curve are shown in Figs. 1 and 2 
respectively. 


1.2. Extent of Oxidation Method 


Since sintered ferrites with definite quanti- 
ties of Mn** and Fe** could not be made, 
samples having the mixed ratios as shown 
in Table 1 were used. 


Table 1 


ANALYTICAL SAMPLES (MOL %) 


S-® | S-® S-@) Ss-@ 
FeO, 38 a0 an |) umes | 52 
FeO 65) ea 
MnCoO,j | BY 27 
MnO | 29 30 
ZnO 30 <1 25 25 = Higal2 
MgO | 6 


Sample S-4 is commercially available and the com- 
positions of the sample are assumed as shown in 
Table 1 with the results of chemical analysis. 


The dissolution of a sintered ferrite with 
an acidic aqueous solution means the de- 
struction of a spinel structure, and divalent 
and trivalent ions of two different metals are 


produced. at nearly the same time. The larger 


the difference of oxidation potential between 
the ions, the faster the reaction velocity of 
the electron donors and acceptors. Therefore, 
to determined quantitatively Fe’* and Mn** 
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which are presumed to be in a sintered fer- 
rite, it is necessary that the oxidation po- 
tential of the oxidizing solution should be 
higher than the oxidizing metalic ion(Mn’**) 
in the solution, and that the dissolving time 
should be very short. 

Asa result of the above mentioned experi- 
ments, the author found an oxidizing solution 
satisfying the two necessary conditions: the 
mixed H;PO,-HCLO, solution series at high 
temperature. The composition of the disso- 
lving solution is fixed at H;PO,/HCLO.= 
30/1 from Fig. 3, and the experiments of 
decomposing temperature were studied from 
255°C to 270°C. At such a high temperature, 
H;PO, changes to poly phosphoric acid (the 
strong phosphoric acid) which has a very 
strong dissolved action.‘ Therefore, sample 
S-4 dissolved thoroughly in 10 seconds. 


2} 


ese C 


150°C : | 
| 


eat i 
0.3 0.5 1 2 4 6 810 20 30 
H;P0O,/HC10, (Volume) 


Fig. 3—Absorption curve of Mn** extinction. 


This analytical method is named extent of 
oxidation method. The aim of the method is 
to study the Mn** in the sintered ferrites by 
statistical means. It is very important in this 
method to fix the analytical conditions. The 
conditions which must be fixed are as follows: 

1. The heating conditions of the solution. 

2. The temperature at which the sample 
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is introduced into the solution. 

3. The time interval after the sample is 
introduced until the heating source is 
taken away. 

4. Whether the solution is to be stired or 
not after the heating source is taken, 
away. 

5. The cooling location. 

As the glass of mercury thermometer 

is corroded by heated poly phosphoric 

acid, it is necessary to minimize the 
errors due to the thermometer in the 
experiments. 

7. It is necessary that the heating time of 
the solution into which the sample is 
introduced is kept almost constant 
throughout the experiments. 

The orthogonal array of L¢,4(4°’) form was 
used to inspect these conditions.“ As a re- 
sult, the best conditions were found to be as 
follows: 

1. The heating conditions are: mixed acid 
is heated to about 175°C by gas for 5 
minutes and then heated by a molten 
solder bath kept at 325+5°C up to the 
temperature at which the sample is 
introduced. 

The most favorable temperature at 

which to introduce the sample is 265°C. 

3. The most favorable time interval at 
which to take away the heating source 
after the sample is introduced into the 
solution is 10 seconds. 

4. Neither stirring nor the cooling location 
(about 25°C) have any affect on the 
experimental results. 

Moreover, the degree of dryness of the 
samples must be nearly constant for all the 
samples, and the quartz thickness of each 
beakers used must also be constant. 


The statistical results of Table 1 are shown 
in Fig. 4. 


oS 


i) 


1.3. Acceptability of Oxidation of Re- 
duction Method 


It iS Hete=eary, to examine whether Fe?t 
meres eae Bee : 
or Mn** is more rich in sintered ferrite. For 


this examination poly phosphoric acid con- 
taining Mn’** is used. 
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Fig. 4 @®—Main effect of samples. (Marks — 
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The preparation of the solution as follows: 
The H;PO, solution is heated, Mn.O; powder 
is added to the heated solution at a temper- 
ature from 240°C to 250°C and decomposed; 
then the whole system is cooled and an 
amount of water equal to that which was 
evaporated during the above process is added. 
The poly phosphoric acid solution containing 
Mn’** is the original solution. 

The analytical results of Table 1 by this 
method are shown in Table 2. As a result, 
it becomes clear that the oxides containing 
Fe’ and Mn** exist in the sample S-4 and 


that the amount of Fe?* is more than that 
oben’. 


Table 2 


THE RESULTS OF “ACCEPTABILITY 
OF OXIDATION OR REDUCTION” 
METHOD (EXTINCTION) 


S-© | 0. 446 0. 450 
S-@) | 0. 256 0, 248 
S-@) | 0. 251 0. 246 
S-@) 0. 421 0. 420 
Blank values 0. 428 0. 438 


The analytical results of Table 1 by two 
different methods are as follows: FeO of 
sample S-2 is 7.5%, FeO, and Mn,O; of 
sample S-3 are 8.6% and 0.1% respectively, 
and FeO and Mn;O3; of sample S-4 are 1.5% 
and 0.4% respectively. However, FeO and 
MnO contain small amounts of Fe,O; and 
Mn.O; respectively, because these oxides are 
reduced at high temperatures by Hy, gas. Also, 
the errors in estimating the amounts of FeO 
shown in Table 1 seem due to the different 
lots. 


2. The Analysis of Iron Oxides, Manga- 
nese Oxides, and Two Different Mn- 
-Zn Ferrites: 


2.1. Preparation of Samples 


The author mixed Fe,0;, MnCOs;, and ZnO 
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in guaranteed reagent in accordance with the = 
composition ratios shown in Table 2, pressed . Se 
the samples to a moderate size and sintered | 
them two hours in air at 800°C. , 1360°C ae 
Next, the sintered materials were powdered duly c . 
and pressed into pieces each weighing nearly 

2 grams and these pieces were sintered under 20 
the conditions shown in Table 4. Each sin- | 
tered sample of Table 3 was repeatedly ex- 2 hi ise eae 
amined three times under the same conditions, | ) | 


Table 3 
ANALYTICAL SAMPLES ‘ ee se 
(THE COMPOSITION RATIOS, MOL %) | een 
| ‘ Sia A a = 0 1200 
S-Fe | S-Mn | S-F-@ S-F-@ PAR ae Pm Pe 
ct | | ae ° 5 ° . P 
Fe,0, | 100 | 50 ls Fig. 5—-Sintered iron oxide. The relations be- 
ie | 


tween the sintering temperature and 
MnCO; 100 29 25 FeO (%) for different quenching 
temperatures. (The value of 95% 
| tolerance limits at measuring points 
_ nt Tee ain are 0.4%). 


The compo-| The amount 
sition ratios| of Fe:,O; is 
las to pro-|10 mol % 
| duceaspinel| exess over 


ZnO | 25 20 


| form. spinel form. Mn 0 ay 
a a eee | Mn.0.=42. 9% 
Me 
Table 4 s Mn.0.= 88. 1% 
Mn.O.=11.9% 
THE SINTERING CONDITIONS [ele = 1 
Bel 
| yee 
Quenched temp. ae 
Sintered tore = | wat os i ee a SS ae is = 5 ee - = 
temp. °C) | Treatments in Treatments in air % | Z| 
| No (moderate == — — Il Mn, O,= 100% 
cooling) | 1000°C | 800°C | 600°C > ee | 
eee = a = -— —— = 
1360°C |} 
1200°C | | om ; 
1000° C | | 
(The sintering time interval js B iyahorgs for each.) | 
50 P—— 
| Mn,0,=67. 4% 
| | | 
Fig. 6—Sintered maganese oxides. The relations | 2 r mee 
. . 4 1 
anes the sintering temperature and 600 800 1000 1200 1360 
mO3 (%) at different quenching Quenched Temp( °C ) 
temperatures. (The values of the 95% (© 1360°C 
tolerance limits at measuring points are Sintered Temp) 2 120026 
15 Oo): | x 1000°C 
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temperature and Mn** in the two ferrites. 
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Fig. 7 @—“Acceptability of oxidation or reduc- 


tion” method. The relation between 
the quenching temperature and Mn*+ 
in the two ferrites which are sintered 
at 1000°C, 1200°C; and! 1360°C. (he 
values of 95% tolerance limits -at 
measuring points are 1.1 for S-F-1 
and 0.6 for S-F-2 respectively.) 


of oxidation of reduction” 


method. The relations between the quench- 
ing temperature and Mn** in the two fer- 
rites. (Marks — show the values of the 
95% tolerance limits.) 
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Fig. 8 @—“Extent of exidation” method. The 
relations between the quenching 
temperature and Mn?** for the two 
ferrites which are sintered at 1000°C, 
1200°C, and 1360°C. (The values of 
the 95% tolerance limits at measur- 
ing points 0.6 for S-F-1 and 0.4 for 
S-F-2 respectively.) 
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2.3. The Analysis of the Sintered 
pas Temp(°c) Manganese Oxides 


The results are shown in Fig. 5. 
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Table 5 
ANALYTICAL RESULTS Fe?+, Mn?+ IN THE Two SINTERED Mn-Zn FERRITES 


ea 
: | S-F-© S-E=@ 
Sintered temp. (°C) Quenched temp. (°C) —— = z @ 
Fe** (mg) Mn** (mg) Fe?* (mg) Mn?* (mg) 
1360 Cooling in N, 2.0+1.1 | ORs 7.50. 6 0 +0.6 
1000 1.4 On 6.1 0 
800 I 0.6 5, 7 0 
600 1.8 1.4 ah, if 0 
1200 Cooling in Nz 0.9 @, J 6.8 0 
1000 0.9 S.2 0 0.8 
800 Neal 6.3 0 8.2 
600 I L359 0 14.7 
1000 Cooling in Nz IZ 0 8 0 
1000 0) Vals 0 eS} 
800 0 Ws Hf 0 14.1 
600 0 WW 7 0 16.8 
Table 6 
OBSERVED RESULTS OF THE COMPOSITION IN S-F-@ 

Sintered temp. | Quenched temp.) Znj;2.Mnj,.Fe.O3 Zn oF ey)2Mn,O3 FeO | MnO Mn;O3; Fe,0, 
coms CC) PONS (9%) (%) | (9%) |) | 9%) 
1360 Cooling in No» 97.4 | 1S: 1S. 

1000 98.9 0.3 0.8 
800 98. 3 0.9 0.8 
600 OS 2.0 0.7 
1200 Cooling in No 99. 3 OD), ik 0.6 
1000 95. 0 2.4 2.6 
800 94.0 Bois) See 
600 88. 1 3.8 @ il 
1000 Cooling in Nz 98. 4 0.8 0.8 
1000 83.1 8.4 8.5 
800 80. 9 9.5 9.6 
600 75. 8 12.0 12,2 
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Table 7 
OBSERVED RESULTS OF THE COMPOSITION IN S-F-@) 


hed temp. 
Sintered temp. (°C) Sowers em{ 


1360 Cooling in N2 87. ¢ 
| 1000 87.! 

800 88. 
600, 87. 7 

1200 | Cooling in N2 87. 
1000 86. 

| 800 79. 

600 65. 

1000 Cooling in Ne 87. 
1000 68. 

800 67. 

600. 62 


Zn 12Mny \Fe,O3 (%) 


CO ac 


Fe Fe.O, (%) | MnO; (%) Fe,0; (%) 
| 10.2 = | 20 
ae | 4.3 
Vey: | 4.6 
6.1 | 6.6 
9.2 pace) 
0.5 | 13.6 
5.9 18.9 
10.9 / 23.6 
| 7.6 5. 0 
| 7.6 22.5 
10.0 23.0 
ios4 25.1 


2.4.2. Extent of Oxidation of Two 
Different Sintered Ferrites 


The results are shown in Fig. 8 @~®). 


2.5. Analytical Results of Valencies in 


Two Different Sintered Ferrites 
and the Presumption of the Com- 
position 


The results are shown in Table 5, 6 and 7. 


3. Conclusion 


The method which is thought to be best 
in determining Mn’** and Fe?+ in a sintered 
Mn-Zn ferrite was described. The results 
clearly showed that a sintered Mn-Zn ferrites 
contains small amount of oxides having Fe?*+ 
and Mn’**, and the analytical results of sin- 
tered materials of iron oxides and manganese 
oxides showed good agreement with those of 
other analytical methods. 

Statistical analysis of the measurements on 
the synthetic samples and the sintered Mn- 
Zn ferrites showed that the velocity of Mn?* 
oxidizing to Mn’** is about one-tenth the 


velocity of Fe®* oxidizing to Fe**. By con- 
sidering the difference in oxidation velocity 
of these ions, the results shown in Table 5 
were deduced. It is assumed that these results 
are reasonable. 

Moreover, it is concluded that manganese 
oxide having tetravalent or higher valences 
does not exist from the observed experiment- 
al results. 
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An Input Admittance Meter for Electron Tubes’ 


Takuya KOJIMAt and Hiroshi HARA+ 


A study was made on a precision meter for measuring the input admittance of electron 


tubes at 7O Mc. 


Although the method of measurement is the common resonant-circuit 


method with a variable capacitor, this meter has the feature that the resonance point is 


obtained by detecting the phase angle of the resonant-circuit current. 


Compared with the 


ordinary method in which the point of maximum current amplitude is detected, the sensi- 


tivity of the present method is much higher and is very suitable for measuring the input 


capacitance of electron tubes, whose Q is low in the high frequency region. The schematic 


diagram of the meter, the method of measurement, measuring and experimental results are 


given: including experimental data on various electron tubes. 


Introduction 


As microwave communication equipment is 
increasingly used, demand has arisen for 
tubes not requiring readjustment of the inter- 
mediate frequency amplifier, which is a_ part 
of the equipment, when replacing tubes. 
Namely, formerly resonance was readjusted 
due to change in tube input and output 
capacitance every time electron tubes were 
replaced in the intermediate-frequency ampli- 
fier in equipment, but it is desired to elimi- 
nate the need for this adjustment in the 
future. For this purpose, however, the de- 
viation in input and output capacitances of 
each electron tube should be kept within 
small limits. Furthermore, the center value 
of the capacitance distribution of many tubes 
acting on long communication networks 
should also be kept within an extremely small 
deviation. For example, as explained below 
it is necessary to maintain, the deviation of 


* MS received by the Electrical Communication Labora- 
tory, on November 2, 1960. Originally published in 
the Kenkyu Zitwydka Hokoku (Electrical Communt- 
cation Laboratory Technical Journal), Vol.10, No.5, 
pp. 969-979, 1961. 

+ Electronic Component Research Section. 


the center value of the input capacitance of 
the 6R-R8 to within 0.2 pF. 

Tubes to meet this requirement can be 
produced by careful control during and after 
manufacture. Prior to such new production 
control, however, an instrument for measur- 
ing the input and output capacitance is first 
required. Therefore, an instrument for 
measuring input and output capacitances was 
developed. 

The requirements for the measuring instru- 
ment are as follows: 

1) It is necessary to measure input and 
output capacitances accurately : 

Accuracy should be within 0.05 pF. 

2) Frequency should be the actual fre- 
quency, 70 Mc. 

3) Measurement should be conducted 
promptly and simply as the measurement of 
large quantities of tubes is required. 

On studying measurement methods to meet 
these requirements, it was decided that a re- 
sonance method is most suitable from con- 
siderations of measurement frequency and 
accuracy. Input admittance of electron tubes 
contains a considerable conductance compo- 
nent at 70 Mc, and Q in the resonant circuit 
is low. For this reason, the method of 
measuring the phase of the circuit current, 
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which is a highly sensitive method of detect- 
ing the resonant point, has been adopted. 

By the above process, accuracy in capacl- 
tance measurement was assured and measur- 
ing time could be shortened, thus resulting 
in the successful completion of a capacitance 
measuring instrument to meet the above re- 
quirements. 


1. Description of Measuring Equipment 


Fig. 1 shows the principle of the measuring 
equipment. The tube under test is connect- 
ed in parallel with the variable capacitor C 
in the series resonant circuit at terminals C 
and D as shown in Fig.la. Resonance is 


adjusted by rotating the variable capacitor C 
when the tube under test is connected to the 


(a) Equivalent circuit 


Amplitude 


Current Amplitude and Phase 


Fig. 1—Principle of resonant circuit. 
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terminals and when it is not. The difference 
in readings of the variable capacitor gives 
the capacitance of the tube under test. There 
is nothing very different from the usual re- 
sonance method, except that in this case the 
point of resonance is detected by reading the 
phase of the current phase, but it is detected 
in the usual method by reading the point of 
maximum resonant-current amplitude. When 
measuring input capacitance, there exists 
comparatively large conductance in parallel 
with the input capacitance, thus lowering the 
value of O of the resonant circuit. Therefore, 
as shown in Fig. 1b the current-amplitude re- 
sonance curve becomes less peaked, thus 
making it difficult to detect the point of peak 
current. However, phase varies quite rapidly 
at the resonant point; therefore it is consider- 
ed easy to detect the point of resonance if 
phase is measured. 

An external view of the experimentally 
ccnstructed admittance meter is shown in 
Fig. 2, and its schematic diagram is shown 
in Fig.3. Two signals come out of the 
master oscillator at 70 Mc; one goes through 
the resonant circuit including the tube under 
test and the other through a phase shifter. 
The frequency of these two signals is con- 
verted to 455Kc, but phase remains un- 
changed. These two signals are amplified 
by 455 Ke intermediate frequency amplifiers 
and applied to the vertical and_ horizontal 
axes of a cathode-ray oscilloscope. The master 
and local oscillators are crystal-controlled in 
order to stabilize the frequencies. 

The operation of this equipment will be 
explained below for the case of input ad- 
mittance measurements. 


1.1. Measurement of Capacitance 


. First resonance is obtained without insert- 
ing the tube under test; Q of the resonant 
circuit is high and the resonant point as the 
point of maximum current amplitude is easi- 
ly read on voltmeter V or determined by the 
point of maximum vertical-axis deflection on 
the cathode-ray oscilloscope shown in Fig. 3. 
In this condition the phase shifter of Fig. 3 
is adjusted so as to make the Lissajou figure 
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Fig. 2—Input admittance meter for electron tubes. 


Tube under test 


Resonan 


| Converter [| 458K Amp 


Oscilloscope 


TO MG 


Crystal osc 


69.545 MC 


Local crystal osc 


Voltmeter 


> Phase shifter Converter ‘on 455Kc Amp 


Fig. 3—Schematic diagram of input admittance meter. 


a straight line. 

Then the tube to be tested is inserted. To 
cancel the consequent increase in capacitance, 
the capacitance of the variable capacitor is 
decreased and the figure on the cathode-ray 
tube is again made a straight line. In other 
words, the variation in variable capacitor 
capacitance gives the capacitance of the tube 
under test. 


1.2. Measurement of Conductance 
The Q of the circuit can be measured by 


the half-resonance method. In the usual am- 
plitude detecting method the half-resonance 


point is found by the fact that at this point 
the current amplitude becomes 1/¥ 2 times 
as large as that at resonance. 

In our meter Q is obtained by observing 
the variation of the phase of the current with 
variation of the variable capacitor. The 
method will be explained in the order of the 
actual measurement. 

Now let us assume that the capacitance 
measurement of the preceding paragraph has 
just been carried out; that is, resonance has 
been obtained with the tube-under-test insert- 
ed, and the figure on the cathode-ray tube 
remains a straight line. From this condition, 
the measurement of the conductance com- 
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ponent will be carried out. 

In the first place the phase shifter dial is 
rotated and the phase of the comparison cir- 
cuit is varied by a fixed angle 1. The figure 
on the cathode-ray tube, of course, becomes 
elliptic. 

Then, by rotating the variable condenser 
of the resonant circuit, the figure on the 
cathode-ray tube is adjusted so as to again 
become a straight line. Conductance can be 
obtained from a chart which gives the relations 
between the value of capacitance variation and 
that of conductance. A fixed phase angle 
such as 45°, 30°, etc., is used. 


2. Principle of Measurement 


The operating principle of the measuring 
instrument has been shown in Fig.1. As 
stated in paragraphl, the feature of this 
measuring instrument lies in the detection of 
the phase angle of the resonant current. Ad- 
mittance Y between terminals A and B of 
Fig. 1 is given as follows. 


_ RG?+G.+e?R(C+C,)?+jo{(C+Cr) —LG.?—o? L(C+Cz)*} 


Ve ales 


L: inductance of coil of resonant circuit 
R: resistance of coil 

C: capacitance of variable capacitor 

C,: capacitance of tube under test 

G,: conductance of tube under test. 


Therefore the phase angle of the current 
with respect to the voltage is 


1(C1C,)— oe anus (C+)! 
tan ¢=- ee 


RG,?+G.te?R(C+C,)? ©) 


where C)=1/?L, and C, is the capacitance of 
variable condenser at resonance when no 
tube is inserted. 


2.1. Measurement of Capacitance 


The procedure of capacitance measurement 


{RGz+1—wL(C+C,)}?-+e? {R(C+C,) +LG,}2 
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in paragraph 1 is reviewed here. The point 
of maximum current amplitude when there is 
no tube, i. e., Gr 0, may readily be obtained 
from 

(1) and occurs for the following capaci- 
tance: 


C25, =Cr 3) 


and the current phase @ is 
0 (4) 


In this case the point of maximum current 
amplitude coincides with the point of zero 
phase difference. 

Next the variable capacitance is adjusted 
so as to make current phase zero again after 
inserting a tube. The point of zero current 
phase difference in this case occurs for the 
following value of the capacitance: 


ae (1-8 h 
=C, ma where, Gr<@Cy (5) 


As shown in Eq. 5, the measured value of 
C+C, is affected by G,. In the practical 
range, however, the error in C+C, caused 
by G, is small and negligible, as will later 
be clarified by calculation of actual values. 
Furthermore, the value of C+C, of the maxi- 
mum current amplitude is given. 


(6) 
2.2. Accuracy in Capacitance Measurement 


Sensitivity of detection of current phase at 
the point of zero phase angle determines the 
accuracy of capacitance measurement of this 
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measuring instrument. 

Measurement sensitivity S at the point of 
zero current phase will be represented by the 
following formula. Using ¢ which can be 
evaluated from Eq. 2, 


Ye dp aes ss 
a eon y a) 


and when Eq. 2 is substituted, S will be ob- 
tained. 


When ¢ is small, 
tan ¢=6 


can be used and 


on 0 
eS eC, +wR(C+C,)? * 2 


The results of the calculation of Eq. 8 will 
be given later in the paragraph on experi- 
mental results. If, however, an ellipse of 1° 
is distinguishable from a straight line, it is 
understood from the above equation that a 
measurement accuracy of 0.02pF is ob- 
tainable when conductance G; is small. 


2.3. Measurement of Conductance 


After resonance is obtained with the tube 
under test connected and the figure on the 
cathode-ray tube becomes a straight line, the 
phase shifter is operated and the phase of 
the comparison current is varied by a fixed 
angle Ag. Then the figure on the cathode- 
ray tube is again made a straight line by 
rotating the variable capacitor. These pro- 
cedures are shown by the following ex- 
pression: 


tan 46=K (9) 
then, arom Eq, 2: 
Gra ll all 
— Ce? 
wo Cy a Gy i) j 


Z \(C+C2)— 
PREC Gsa2C+C,"R 


K=— (10) 


To solve Eg. 10 for (C+C,) 
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1 iacaet 
CLC.=C == | Sa eee = 
if 20 Hic aN AGeeKaGree 


wCe - oC)(1+KoC,R) | a 


When the figure on the cathode-ray tube 
is a straight line before adjusting the phase 
shifter, it means K=0, and the value of C+ 
Garis 


1 1 Gra) 
CALC n= S ee 
¢ C do Coy y) ce 4 woe i (12) 


Then, the capacitance value, when the figure 
on the cathode-ray tube is made a straight 
line again after adjusting the phase shifter, 
is 


(C+C,)x=the right-hand side of Eq. 11. (13) 


The difference 4C between Eqs.10 and 11 
is a function of K and G,, and is shown by: 


AC=(C+Cz) x—(C+Cz) 


a ae Wee 1 Ga? 
5 cee + KoC)R) +4/ 4(1+KoC,R)? \w?C,? 


een 
wCy)(1+KoCyR) J 


Thus it may be well to keep K constant, to 
make a chart of the relation between JC and 
G,, and to obtain G, from JC. 


3. Consideration on Experimental Results 


In paragraph 2 the principle of measure- 
ment of this measuring instrument was. stat- 
ed. In view of the fact, however, that the 
frequency of measurement is high as 70 Mc 
and that high measurement accuracy is re- 
quired, it is found necessary to confirm by 
experiment that the principle stated in para- 
graph 2 will be satisfactory in _ practice. 
Thus, as shown by the construction sketch 
in Fig. 4, tube-under-test models were prepar- 
ed which were constructed with 9-pin minia- 
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ture tube bases on which 10 pF ceramic ca- 
pacitors and carbon resistors of various sizes 
(2000, 1000, 700, 600 and 500) were connect- 
ed in parallel. The values of capacitance 
and conductance are calibrated in the order 
to be described below. It is possible, how- 
ever, that the capacitance and conductance 
values of such test models at 70 Mc may be 
considerably changed by load inductance 
effects from those measured at low frequency. 
To check this point, a simple calculation was 
worked out, as shown in the Appendix. It 
was found by the result of this calculation 
that the effect of load inductance is negligib- 
ly small. 


Capacitor 


Note :This is known as a 7-pin 
button base 


Fig. 4—Capacitor and resistor mounted 
on tube base. 


3.1. Consideration on Capacitance 
Measurement 


As shown in Eqs.5 and 6 the measured 
value of capacitance is effected by the con- 
ductance G,, whether the amplitude method 
or the phase method is used. Fig.5 shows 
how the error occurs in actual practice. 
Curve 1 in the figure shows Eq.5 and curve 
2 Eq.6. Parameters ( ) are as follows: 


C)=43. 41 pF 
(15) 
R=1.5Q 


As found in Fig. 5, when G.,, is large, de- 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


viation of the measured capacitance value 
from its true value will increase for both 
methods. These deviations were experimental- 
ly examined with the test models mentioned 
above. As, however, it is difficuit to deter- 
mine the true value of their capacitance, the 
same models were measured by the ampli- 
tude method and by the phase method. 
Then the difference between the two measur- 
ed values and that between curves 1 and 2 
in Fig. 5 were compared. 


Curve 1 Eq, (5)—C 
Curve 2 Eq. (6)—C 
Curve 3 Curve 1 —Curve 2 


Conductance Component 
Phase Method 

ro) 

on 

T 


1000 1500 2000 2500 3000 
Conductance G,(yU) 


Deviation of Measured Capacitance Value due to 
Amplitude Method 
| 
oO 
on 
sto 


= 
oe 


.5—Deviation of measured capacitance value 
due to conductance component. 


Curve 3 in Fig.5 shows the difference be- 
tween. curves 1 and 2 and points on the 
figure show the difference between values 
measured both by amplitude and phase 
methods. It is thus clarified, though indirect- 
ly, that good agreement between the theory 
and experiment is obtained. 

Next the sensitivity of the capacitance 
measurement will be considered. The sensi- 
tivity of this measuring instrument is deter- 
mined by the minimum distinguishable phase 
difference of the figure on the cathode-ray 
tube and also by the equivalent capacity 
variation. However, if G, is large, variation 
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Fig. 6—Sensitivity of input admittance meter. 
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in current phase becomes small and sensitivi- 
ty decreases. This calculation has already 
been carried out in Eq. 8. Using the actual 
value of the components of the instrument 
which are given in Eq.15, Eq.8 is plotted 
as Fig.6. As seen in the figure, sensitivity 
S is 46°/pF when G,=0. It has been ascer- 
tained by experiment that 0.02 pF was dis- 
tinguishable when conductance was small. In 
Fig.7 a photograph of an example of the 
pattern on the cathode-ray tube during the 
sensitivity measurement is shown. 


3.2. Considerations on the Conductance 
Measurement 


Conductance measurement was carried out 
in the order described in paragraphs 2 and 
9 


3. Eq.14 gives the relations between the 
fixed angle phase shift of the phase shifter 


Deviation from resonance point 
ONOZADES 


: 0.04 pF TORE pE 
for Gr=0 


: 0.08 pF Deviation from resonance point 


: 0.04 pF 
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: 0.06 pF 


(b) for Ge= 500 vO 


Resonance 


: 0.08 pF 


: 0.06 pF 


: 0.04 pF 


Deviation from resonance point 
: 0. 02 pF 


(c) for Gr=1000 nO 


Fig. 7—Measured Sensitivity. 


and the variation of the capacitance of the 
variable condenser necessary to make the 
pattern on the cathode-ray tube figure a 
straight line again. Eq. 14 is shown in Fig. 8, 
with the constants of Eq.15 and K=—-1 (4¢ 
=45°) substituted. Now, as described in the 
beginning of this. paragraph, various models 
of the tube under test are inserted and their 
measured values of conductance are plotted 
in the figure. The experimental results agree 
with the calculated curve. 


3.3. Measurement of the Input Ad- 
mittance of Electron Tubes 


Last some examples of measurement of in- 
put admittance of electron tubes will be 


Table 1 


MEASURED VALUES OF INPUT CONDUCTANCE 
OF VARIOUS TUBES 


Conductance (275) 


Tubes | * 
Maker A Maker B 
6R-R8 | 440 ~ 480 340 ~380 
(broad band pentode) | 
| 
6R-R8C 440 
(broad band pentode) 
6R-R21 610 ~700 


(broad band tetrode) 
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Conductance 6. (uU) 


[Input Capacitance (pF ) 


1500 
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£ : 2 3 4. 5 6 
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Fig. 8—Conductance measurement. 
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Numbers of Measurement 


Fig. 9—Measured results for electron tubes 
and samples of Fig. 4. 


317 


given. This experiment was conducted to 
confirm the reproducibility of the measured 
values. The results are shown in Fig. 9 and 
show that the reproducibility of the measured 
values is satisfactory. The measurements 
were conducted at intervals of several days 
to several months. During this period no 
readjustments of the measuring instrument 
were made. In actual practice, however, 
several kinds of standard capacitors will be 
prepared and the reading of variable con- 
denser of the measuring instrument will be 
corrected with these standard capacitors be- 
fore measuring tubes. The measured values 
of input conductance at 70Mc of various 
tubes are given in Table 1. 


Conclusion 


An input admittance meter for electron 
tubes has ‘been developed. The principle of 
measurement consists of the common _ re- 
sonance circuit method with a variable capa- 
citor. Before and after the insertion of the 
tube under test the circuit is resonated by 
rotating the variable capacitor. The tube 
capacitance can be determined from the dif- 
ference of the readings of the variable capa- 
citor. It is a feature of this meter that the 
resonance point is detected by measuring the 
phase of the current, and this method is very 
effective when the Q of the resonant circuit 
decreases due to the existence of a relatively 
large conductance component. In this way, 
measuring equipment having measurement 
accuracy to 0.02 pF has been realized. 

A method of measuring the conductance 
component by observation of the phase of 
the resonance current was also given. 

The construction of the equipment is out- 
lined and the principle of measurement as 
well as the results of experiment are describ- 
ed together with some examples of input ad- 
mittance measurements on various electron 
tubes. 

The author has discussed only the problems 
of input admittance measurement. The out- 
put admittance, however, is measured in ex- 
actly the same way. 

The instrument was manufactured experi- 
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mentally by the Ando Denki K.K., and the of this circuit is represented by the following 


cooperation of their staff is much appreciated. formula: 


= R2 {1—o?C(L, +L) }? + @? {Lit L2—@*' CLL t+ Lol + Lils)}? 

(Ap. Eq. 1) 
Thanks are also due to Dr. M. Kuwata, chief. | Now, the values of the lead inductance of 
of the Electronic Parts Research Section. the stem, resistor and capacitor, and also of 


capacitance C, estimated from the structure, 
Appendix are assumed to be as follows: 

The actual admittance of tube-under-test £,=1.5 10° H 
models, in which a carbon resistor and a 
ceramic capacitor are mounted on tube bases 
as shown in Fig. 4, it is feared, will be dif- cee 
ferent because of lead inductance from the ee 
indicated values of the resistor and capacitor. 
Particularly in this experiment special attent- 
ion should be paid to the value of the re- 
sistor, as mentioned in the paper. Now by 


Le One H 


and if Y is worked out by substituting these 
values to Ap. Eq. 1: 


presuming the lead inductance of the test y — 0: 982k +) 0. 00421 4° —0. 921) (Ap. Eq. 2) 
tube model will be calculated. ae 

The equivalent circuit of the tube-under-test 
model is considered to be as shown in Fig. 1, From this formula it was found that con- 
where L, shows the inductance of the lead ductance component of Y, when R=500~ 
of the base and LZ, and LZ, the lead induct- 20000, gave an approximate error of less 


ances of the resistor and capacitor, respective- than 1% compared with 1/R. 
ly. The admittance Y between the terminals 


ihe C 


Ap. Fig. 1—Equivalent circuit of samples. 
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U.D.C. 621. 391. 812. 6 : 538. 566 
621. 371. 001. 2 


Characteristics of Fading due to Ducts 
and Quantitative Estimation of Fading” 


Sigetaka UGAI+t 


As a result of long-term propagation tests carried out on four frequencies simultaneously, 
it has been clarified that microwave fading due to the irregular distribution of the re- 
fractive index of the air has two modes of variation—long-period variation and_ short- 


‘period variation. 


The characteristics of each have been described. 


The quantitative relation between these two variations was found experimentally. It 
has been brought to light after considerations by geometrical optics and experimental 
analysis that the long-period variation is closely related to the statistics of the distribution 
of the refractive index of the air, which can be obtained by radiosonde observation. On 
this basic applications of radiosonde data for the method of estimating the fading ranges 
in UHF and SHF bands for all seasons and various places is described. 


Introduction Z 


Microwave multiple-relay circuits which 
make up a network must have very high 
stability and very high transmission reliabili- 
ty. Fading phenomenon is inevitable in 
wireless transmission, and the cause for it is 
related to such complicated distributions of 
the refractive index of the atmosphere that 
very few researches have been made for the 
purpose of design for practical radio com- 
munication.’?*? For the 4,000 Mc band, the 
characteristics of fading have been clarified 
to some extent by classifying them into k- 
type fading and duct-type fading. The fading 
mechanism of one of these types of fading, 
k-type fading, can be physically understood, 
therefore, to some degree quantitative esti- 
mates of the fading on other bands is _possi- 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory on 26 March, 1959. Originally 
published in the Kenkya Zituydka Hokoku (Electrical 
Communication Laboratory Technical Journal), N.T.1., 
Vol.8, No.7, July pp. 1003-1038, 1960. 

Radio Propagation Research Section. 


— 


ble. 

As for duct-type fading, its production is 
due to such complicated vertical distribution 
of the refractive index of the air that the 
atmospheric conditions cannot be observed 
with ease, and this has deterred exact grasp 
of the fading characteristics. In Japan, be- 
cause of the peculiar topography, a grasp of 
the general fading characteristics is the more 
necessary for designing circuits. 

Formerly, in case of the quantitative esti- 
mation of duct-type fading in the 4000 Mc 
band, the value of mean vapor pressure on 
the ground was used” as a radio-meteorologi- 
cal factor. 

The value of the vapor pressure on the 
ground, however, is not sufficient to physical- 
ly explain the fading mechanism. Practically, 
fading does not always correspond to it with 
the change of season. Moreover, it has been 
found that the value of fading obtained by 
the estimation formula® tends to become 
much larger than the measured value when 
the distance is 100 km or longer. Therefore, 
the authors have made researches on the re- 
lation between fading characteristics and 
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radio-meteorology giving special effort to the 
radio-meteorological observation. 

As a result of long-term experiments with 
more than two frequencies made simultaneous- 
ly over the same propagation path, it has 
been found that the fading sequence has the 
two types of variation, long- and short-period 
variation. 

Besides, it has been found statistically 
through the characteristics that the long-period 
variation is closely related to the variation 
of the mean gradient of the refractive index. 
In this way, the dependence of fading on 
frequency, on distance, on season, on region, 
etc. have experimentally ascertained, and _be- 
sides a method of estimating fading range vs 
frequency over wider band (UHF- and SHF- 
band) has been found. Therefore in this 
paper, the description of the general charac- 
teristics of fading will be made on the basis 
of the experimental results. 


1. Observed Characteristics of Fading 


1.1. The Definition of Fading Treated 
in This Research 


When a radio relay station for a micro- 
wave relay circuit is set up, it is important 
to take into account the topography along 
the propagation path in order to reduce the 
fading due to reflected waves from the 
ground as much as possible. 

However, what causes the greatest amount 
of disturbance to communication is thought 
to be the deep duct type fading. 

So-called duct-type fading was considered 
due to radio duct, i.e. negative gradient in 
the modified refractive index (M) of air. But 
it can be explained approximately by geo- 
metrical optics”, that the fade-out appears 
due to not only the negative gradient but 
also due to the existence of a bending part 
in the vertical distribution of the modified 
index, even when there is no radio duct. 
Thus fading can appear, even if there is no 
radio duct, when the shape of the M_ profile 
varies with time. Concerning this, description 
will be made later. 

At still higher frequencies, not only the 
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loss due to the above-mentioned fading but 
also the loss due to the absorption and scat- 
tering effects of oxygen, vapor, fog, and rain 
in the atmosphere can never be ignored. 
Among them, the loss by the effect of rain 
is largest. Here, however, these effects are 
omitted. This paper deals with only field 
intensity variation due to the shape of the 
irregular distribution of the refractive index 
in the air. Research has been made in per- 
suit of its general characteristics with this 
restriction. 

In other words, the variation of field inten- 
sity due to the influence of the ground (re- 
flected wave, scattering, and diffraction on 
the ground) is not dealt with. 

Later in this paper, ‘fading’? means the 
field variation in the above-stated range. 


1.2. Outline of Experiment on Pro- 
pagation 


1.2.1. Propagation Path 


In research on the general characteristics 
of fading (the effects of propagation distance, 
path inclination to the ground, mean path 
height, season, etc.), it is not so easy as in 
case of research on other physical and chemi- 
cal fields to classify the factors by making 
them uniform artificially, because nature has 
many factors that cannot be controlled. 

Roughly speaking, the factors affecting fad- 
ing characteristics are as follows: 

1) Effect of distance 

2) Effect of season 

3) Effects of the refractive index gradient 
along the propagation path and the mean 
path height above the ground. 

In the experiments it is most desirable to 
make some effects of these factors as equal 
as possible to each other, and to grasp the 
characteristics affecting the fading as exactly 
as possible under the given conditions. 

Usually, the atmosphere is considered to 
have a stratified structure nearly parallel to 
the surface of the ground. As a result, fad- 
ing is expected to appear most remarkably 
when a propagation path runs parallel with 
the ground surface (Section 2). Im this-paper, 
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Fig. 2 (c)—Path profile from Kawaguchi to 
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only the fading due to nonlinear refractive 
index distribution is dealt with. Therefore 
the establishment of the experimental circuits 
was made under the following conditions: 

(1) Path is parallel to the ground surface. 

(2) Reflected wave on the ground is 
shielded by topographical features or objects 
on the ground. 

(3) Long-term correspondence of fading 
to the refractive index vertical structure can 
be obtained. 

To investigate the dependence on distance, 
the experimental circuits in Fig.1 were 
selected. 

Fig. 2 and Table 1 show respectively pro- 
files of the experimental circuit and their 
constants. 


1.2.2. System for Measuring and 
Recording Fading 


The received power due to propagation is 
shown by the following relation: 


PP Gr Gy) LL A, Cb) 


where P,, (P.)=Transmitted (Received) power 
Gi, (G-)=Transmitting (Receiving) an- 

tenna gain 
L,, (L,)=Transmitting (Receiving) feed- 
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er loss 
ys = Propagation loss 


If the values" ot PaGeG. fee andweie are 
constant, the variation of P, is determined 
by that of A. The value of A is determined 
by the topography of the propagation path 
and the spatial distribution of refractive index 
of the air along the path. The value of A 
cannot be measured directly, and so it was 
calculated through Equation (1) by measuring 
P, and replacing it with the output from a 
standard signal generator whose output was 
known. 

To get the records of rapid fadings, suit- 
able recording systems were used. A 5-mA 
recording ammeter was used for the fading 
speeds less than 1 c/s, a pen writing oscillo- 
graph for those less than 20c/s, and an 
electromagnetic oscillograph for these less 
than 1000 c/s were used. 

The long-term measurement, e.g. the 
measurement of seasonal variation, was 
mechanized, and a special automatic level 
meter was used. 

Fig. 3 shows the equipment. This consists 
of a level-reading device, a computer, an ele- 
ctric clock, and a camera to take photographs 
of the level count at a certain regular time. 

1 


The sampling speed was 1/15 sec™?. 
1.3. Statistical Expression of Fading 


There are various methods to show quanti- 
tatively the value of received power, which 
varies with the time. One method that is in 
common use is the method by showing the 
ratio of the maximum power to the minimum 
power, in dB, at every given sampling time 
interval. 

By this method, the treatment is compara- 
tively easy; therefore, this is very suitable for 
the relative expression of the long-term vari- 
ation. In this paper, it is expressed by the 
notation dB (max., min./5 min.), for example, 
instead of dB (maximum, minimum per 5 
minutes). This is used for the expression of 
the hourly and diurnal characteristics of the 
received power. 


Another method, the most ideal one, 1s as 
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Fig. 3—View of automatic level counting device. 


follows: the range of power variation is di- 
vided into discrete power levels, and then the 
total of the time length when the received 
power falls below the respective level is 
obtained. Next, the percentage of the total 
time length to the whole measuring time 
length is shown for every level. This indi- 
cation corresponds to the limit of an  infini- 
tesimal sampling interval. 
In this case, f(z), the probability density 

function of z is expressed by 

Zp 

0 


p 
Prob Z<Z,)=\ f(2)de=| WN QI” 
0 


Accordingly, the value of received power, 
Z,, can be determined by designating pro- 
bability P. Especially, Z, for P=0.5 is the 
median value of the received power in the 
period. The median value nearly corresponds 
to the free space value calculated for the line- 
of-sight propagation path. The deviation be- 
tween the median value and calculated free 
space value is within 2 to 3dB. Fig.4 and 
Table 2 show examples of the deviation. 

The fading characteristics of the received 
power are very different according to the 
various conditions of the propagation path: 
for example, propagation distance, season, 
frequency, inclination of propagation path, 
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Fig. 4—Deviations of monthly median value 
from free space value. Path from 
Fudé-tége to Itsukalchi. 


and height of propagation path above the 
ground. So that a practical scale is necessary 
to express quantitatively the fading character- 
istics for various conditions of propagation. 

In the case of a practical path, the wave 
reflected from the ground cannot be complete- 
ly removed. 

Therefore the residual fading due to inter- 
ference by the ground-reflected wave must 
be taken into account. To ignore the quanti- 
ty of the residual fading, we define the 
variation range (in dB) between 1 % of pro- 
bability and 99 % of that determined by the 
cummulative distribution curve as the fading 
range, F,,. And then it is made a statistical 
scale of the range of field variation which 
depends on the irregular distribution of the 
refractive index of the air for the given period 
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Notes: Horizontal polarization, a = within + 2 dB. 
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over the propagation path. 
The scale of fade-out from the median 
value, Fu, is given statistically. 


F7=10 logic Eos (dB) 


0-01 


These scales are available for the discussion 
of the quality of communication circuits. 

When the frequency distribution of the re- 
ceived power intensity (dB) is regarded as 
Gaussian distribution, the following relation 
between the standard deviation o (dB) and 
F,, (dB) obtains: 


a 


If the distribution of received power in- 
tensity is assummed to be Gaussian and the 
median value of the power intensity is ap- 
proximately estimated to be free space in- 
tensity, the distribution can be completely 
provided. 

_ For many propagation tests, the frequency 
distribution of the value in dB of received 
power intensity does not always follow 
Gaussian distribution. It is often proper to 
approximate the frequency distribution of the 
power value (real value) by a Gamma dis- 
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tribution. 

If it follows a Gamma distribution, the re- 
lation shown in Fig.5 between F,,; (dB) and 
the index, », of Gamma distribution holds. 
Therefore the index is found by fitting the 
actually measured fading range Fy; to the 
theoretical range. 

From many experimental results, the rough 
relation between F. and F,; is as follows: 


Fy e 
ioe =0. 65+0. 06 (3) 


As a result, if F,, is fourid, Fa can be 
obtained. 


1.4. Observed Characteristics of Fading 
1.4.1. Long-Term Variation of Fading 


For the path between Fudo-toge and Itsuka- 
ichi, an example of the general aspect of the 
fading occurence during one year at 4Gc 
(span length is about 100km) is shown in 
Fig. 6. 

Japanese standard time is shown as the 
abscissa, and the median value of hourly fad- 
ing during a month is shown as the ordinate. 

In this figure, quite remarkable diurnal 
characteristics are found. The cause is close- 
ly related to the diurnal variation’? of the 
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Fig. 5—Curve of » against theoretical fading range Vora 
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Fig. 6—Seasonal trend of median value of 
hourly fading amplitude. 6 path 
from Fud6-Tége to Itsukaichi. 


spatial refractive distribution. 

For every month, the amplitude of fading 
is smaller in the daytime than at night. 
That is, the received power is more stable 
in the daytime than at night. Qualitatively, 
this characteristic is not so different from 
that due to the results of the fragmentary 
measurements made so far. In addition, the 
monthly variation due to the influence of 
season is clearly shown. As a whole, the 
variation is larger in summer than in winter. 
This tendency nearly corresponds to that 
supposed so far. As described later, accord- 
ing to fading estimations based on the corres- 
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pondence of radiosonde data, the fading 
range in a normal year is smallest in winter, 
greatest in summer, and intermediate in 
spring and autumn. This is considered to 
be the typical form of the seasonal trend in 
a year with normal meteorological conditions. 

But many years are thought to have 
seasons with abnormal meteorological con- 
ditions. 

So it is very dangerous to represent the 
general trend of seasonal variations by 
measured values for one season. The meteo- 
rological condition of that season must be 
compared with that of a normal year to 
verify whether there is anything abnormal or 
not. 

Fig. 7 shows monthly variation of fading 
range (1-99 %) through a year. In Fig.7 
the meteorological parameter thought to have 
the closest correspondence is U./<a> and _ its 
monthly variation is also represented in the 
same figure, where <a) shows the mean value 
of average gradient a=4JM/4JH (M.U./m) of 
M profile between the level of pressure 1000 
mb and 900mb obtained from _ radiosonde 
data. This data was taken at the Tateno 
Aerological Observatory near the mid-point 
of the propagation path. The value of U, is 
the spuare root of the unbiased variance of 
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Fig. 7—Correlation among monthly fading 
range, U,/<a@> and vapor pressure 
e>. 
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Fig. 8 (a)—Correlation between monthly fading 
range and monthly mean temperature. 
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Fig. 8 (b)—Correlation between monthly fading 
range and monthly mean vapor 
pressure. 
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Fig. 8 (c)—Correlation between monthly fading 
range and monthly mean relative 
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Fig. 8 (d)—Correlation between monthly fading 
range and monthly Ums/<Ms). 
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a during the period. The dotted line shows 
the estimated values obtained by using 
U./<a. The reason why such a good corres- 
pondence is obtainable will be described in 
detail after Section2. In Fig. 8, its corres- 
pondence to other meteorological factors is 
discussed for a period covering a whole year. 
Fig. 8 (a), (b) and (c), show the correlation 
between monthly fading range and monthly 
mean value of temperature <f) on the ground, 
vapor pressure <e> on the ground, and re- 
lative humidity <R. H) on the ground. The 
(d) in the figure shows correlation between 
monthly fading range and Uy,/<M;). 

The value of Uy,, is the square root of the 
unbiased variance of M,, and it is the modi- 
fied refractive index on the ground. Here, 
special attention should be paid to the fact 
that the seasonal variation of fading has so 
far been explained by the vapor pressure and 
that the monthly mean value of vapor pre- 
ssure on the ground is the radio-meteorologi- 
cal factor used for the estimation of fading 
range. 

The seasonal variation of fading range, 
however, has often been found not to corres- 
pond to the variation of vapor pressure in 
recent years. The fading ranges for June~ 
October shown in Fig.7 are good examples. 
Accordingly, the mean value of vapor pres- 
sure on the ground is considered not enough 
for the explanation of the seasonal movement 
of fading variation, and besides not proper 
for the evaluation of fading range. 


1.4.2. Mode of Fading 


Examples shown in Fig.9 (a) (b) are the 
typical shapes of fading record. 

As shown by examples (a) and (b) of Fig. 
9, there should be some qualitative corres- 
pondence, between the fading mechanism and 
fading shape. So it is considered not im- 
possible to presume the fading mechanism to 
some extent from its shape. 

In this case, from the fading shape itself, 
only few parts of the cause and mechanism 
are found. 

Therefore it is necessary to find a method 
to determine its mechanism more accurately 
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by obtaining more information. For this 
purpose, the frequency-diversity method was 
adopted. 

Both Examples (a) and (b) are parts of 
simultaneous fading records of three frequenc- 
ies (1.5 Gc, 4 Gc, 6.7 Gc) actually measured 
in the circuit between Fudo-toge, Mt. Tsuku- 
ba and Itsukaichi. 

As shown in (a), at all frequencies, the 
average level of received power intensity be- 
gins to rise at about 1840 J.S.T., reaches the 
maximum level at about 1850 J.S.T. , begins 
to fade gradually, and then reaches the low- 
est level at about 2000 J.S.T.. Next it rises 
gradually until it comes back to the first level 
at about 2100 J.S.T.. In these records, the 
long-period variation, and the short-period 
variation which has more remarkable fre- 
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quency dependence are observed. 

In (b), long-period variation, which has 
little frequency characteristics and short-period 
variation which depends on frequency are 
also found. Fig.9 shows examples of severe 
fading. On the contrary, Fig. 10 shows fad- 
ing examples when fading is not so severe. 
The short-period variation superposed is 
smaller in every instance than the variation 
in Fig. 9. 

What is noteworthy in these examples, is 
that the fading variation when fading is not 
so severe does not have remarkable frequency 
dependence. The qualitative characteristics 
above are found in common to nearly all 
fading records of propagation tests. They 
are summed up as follows: 

1) There are two sorts of fading—long- 


S700 MG 


23ho0 Le / 22h00 21K00 


g recorded on the path from Fudo-toge 


to Itsukaichi at three frequencies 1.5 Gc/s, 4 Ge/s, and 6.7 Gc/s. 
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period variation and short-period  vari- 
ation. They show various fading modes 
because they are often superposed on 
each other. 

2) Usually, the long-period of variation 
does not vary much with frequency. 

3) The short-period variation mode varies 
significantly depending on frequency. 
The higher the frequency is, the shorter 
the variation period is and the larger the 
variation amplitude is. 

4) .It is thought that there is some differ- 
ence between the causes of the long- 
period variation and the short-period 
one, or between the mechanisms of both 
the variations. 


1.4.3. Long-Period Variation 


If the fading records of propagation tests 
using simultaneously two or more frequencies 
are observed in detail paying attention to the 
variation nodes mentioned above, then a 
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sort of average level of received power is 
imagined which varies commonly with time 
and almost independently of frequency. 
An attempt has been made to show this 
assumed average level in Figs. 11 and 12. 
The points plotted in Fig.11 show the 
signal level of the interfered wave which is 
calculated from the maximum fading ampli- 
tude during 5 minutes on the assumption 
that the fading mechanism is the interference 
of two rays propagating through the irregular 
atmosphere and that the phase difference be- 
tween the two rays changes widely with 
time. This example is dealt with for the 
path between Mt. Tsukuba and Mt. Futago. 
The levels shown respectively in Fig. 12 (a), 
(b), and (c) are envelopes of maximum value 
of received power. Here, it is approximately 
assumed that the number of. multiple rays 
does not depend on frequency and that the 
phase of the multiple rays changes widely. 
Of course, the levels embodied by these 
two methods do not completely correspond to 
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culated under the condition that fading is due to 
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Fig. 12 (a)—Examples of long period signal variation levels taken from the fading records 
received on the path from Mt. Futago to Mt. Tsukuba at four frequencies 
200 Mc/s, 1500 Mc/s, 4000 Mc/s, and 6000 Mc/s. (The scales on ordinate and 


abscissa indicate respectively dB and J.S.T..) 
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Fig. 12 (b)—Examples of long period signal vari- Fig. 12 (¢c)—Examples of long period signal vari- 


ation levels taken from the fading 
records received on the path from 
Fud6-toge to Itsukaichi at three fre- 
quencies 6700 Mc/s, 4000 Mc/s, and 
1500 Mc/s. 


ation levels taken from the fading 
records received on the path from 
Kawahuchi to Itsukaichi at three 
frequencies 6700 Mc, 4000Mc, and 
1500 Mc/s. 
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each other, but the macroscopic relative ten- 
dencies of the level variation show a fairly 
good correspondence to each other. As the 
levels expressed in Figs. 11 and 12 have been 
obtained by the above method, the frequency 
effect has not been completely removed. 
Therefore, they are not exactly the abstract- 
ed long-period level variation. 

But macroscopically, the level movements 
can be said to correspond fairly well to each 
other. 

Examples of the correlation between these 
level movements are shown again in Fig. 13 
(a)-(f). From these figures, the levels based 
on the above method, are thought nearly the 
same as the long-period variation 
assumed by us. 


levels 


1.4.4. Short-Period Variation 


It is as difficult to draw short-period vari- 
ation as to draw long-period variation from 
fading record concretely. In General, vari- 
ation with time are mainly characterized by 
their amplitude and period. Probably there 
are various ways to express variation ampli- 
tude, but now, as mentioned above, the 
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maximum variation amplitude (dB) of in- 
stantaneous received power during 5 minutes 
will be taken as the sample, and then the 
correlation between the variation amplitude 
and period will be obtained. 

Fig.14 shows a comparison among the 
variation amplitudes for the frequencies of 1.5 
Gc, 4Gc, and 6 Gc, for severe fading produc- 
ed in the propagation path between Mt. Fu- 
tago and Mt. Tsukuba. The correlation be- 
tween variation amplitudes for all frequencies 
is very remarkable. 

That is, the higher frequency becomes, the 
larger the variation amplitude grows. More- 
over, it is found that the variation very 
severely depends on frequency; also that the 
time of advent and of extinction for all fre- 
quencies correspond very well to one another. 
By closer observation, it is found that at a 
higher frequency the variation appears earlier 
and disappears later; i.e., the variation con- 
tinues longer. 

Fig. 15 shows the relation of fading ampli- 
tude vs. frequency where 4Gc is taken as 
the standard frequency. 

- Subsequently, consideration will be made 
on the period of variation. The period is 
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uaually expressed by fading rate. 

As an example, the 16 hours when severe 
fading appeared in both the propagation paths 
between Fudo-t6ge and Itsukaichi, and_be- 
tween Kawaguchi and Itsukaichi were select- 
ed. 

The frequency correlation between the 
fading rates (m/hr) of the waves at 1.5 Gc, 
4 Gc, and 6.7 Gc is shown in Fig. 16 (a)-(c). 

In the figure, the dotted-line is drawn by 
assuming that 2 is proportional to frequency. 

As a result of calculation of the correlation 


coefficient 7, the following relations are 
obtained: 

71.55 4.92 =O. 661 

14.02, 6.70. 745 

11.5, 6.7 =0. 847 


Considering that the number of samples is 
limited, the significant examination of the 
correlation was made by R.A. Fisher’s theo- 
ry. As a result of the examination, the 
correlation coefficient * can be thought signi- 
ficant. 

Concerning each correlation coefficient, 
values of regression coefficient, m(fi/f;) of 
ordinate value to abscissa value were obtained 
as follows: 


Table 3 


RELATION BETWEEN FADING RATE AND 
FREQUENCY RATIO 


fi (Ge) fj (Ge) Si/fi mC fil fi) 
6.7 1.5 Ae 3. 88 
4.02 1.5 | 2. 66 2.58 
Gar 4.02 | 1.67 1.73 


As a result, it is found that the fading rate 
is nearly proportional to the radio wave fre- 
quency. 

This is the result supposed from the theo- 
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ry of interference between two waves. When 
minute variation characteristics are discussed, 
various characteristics of the short-period 
variation, such as the statistics of the fre- 
quency of fade-out below a specially fixed 
level of received power, and the time length 
of fade-out, must be clarified. 

As an example, Fig.17 shows the fre- 
quency distribution of fade-out time below 
the —10dB and —5dB levels at 4 Gec/s and 
6 Ge/s (Mt. Futago-Mt. Tsukuba propagation 
path) respectively, when the free space re- 
ceived power intensity is taken as the 
standard level. The higher the frequency of 
the radio wave is, the lower the fade-out 
level is and the more frequently short-term 
fading occurs. 
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Fig. 17—Example of frequency distribution of 
fade-out time below a certain level 
on the path from Mt. Futago to Mt. 
Tukuba (02h00~08h00 May, 29, 1954). 


Fig.18 is an example of the minute 
structure of the fading shape. It shows shapes 
of fading at 3.970 Gc, 4.02Gc, and 4.15 Gc 
measured at the same time by pen-writing 
oscillographs, and shows that the time that 
they fade out below the given reference level 
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depends on frequency. Moreover, it is found 
that the fading depth and the outage time 
have a little relation to frequency. 


Fig. 18—Example of fine structure of fading 
received on the path from Asahi to 
Toyama. 


These characteristics are also found in 
other propagation paths. Synthesizing all the 
experimental results together, therefore, the 
main cause of short-period variation is con- 
sidered to be multiple-ray interference. This 
fact plays a very important role in communi- 
cation, and indicates that as a countermeasure 
to the variation of received field, the diversi- 
ty method is most effectively free from short- 
period variation. 


2. Relation between Fading and the 
Variation of the Refractive Index 
of the Air 


2.1. Qualitative Consideration of Fad- 
ing Mechanism 


For the purpose of physical explanation of 
these two characteristics of long- and_ short- 
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period fading classified phenomenally, not 
only experimental analysis of fading but also 
theoretical analysis based on measurements 
of spatial distribution of the structure of the 
refractive index of the air is necessary. 

Necessary and precise data cannot be easi- 
ly obtained by means of the refractive index 
measuring apparatus (temperature, humidity 
and pressure) now in practical use, because 
its sensitivity and accuracy are insufficient, 
and the measurement is too troublesome. 
There is much left to improve this apparatus 
and to develop new techniques of measuring 
fading. 

In general, phenomenally, long-period level 
variation occurs with fading and also short- 
period variation superposed on it grows more 
remarkable as the fading becomes more 
severe. How much is it superposed on? 

It is too complicated to find the tendency. 
The reason is thought to be that the cause 
of long-period variation is not always that of 
short-period variation. 

To explain the variation of long-period 
level, the above stated mechanism which is 
almost independent on frequency must be 
assumed. On the other hand, as is found 
from the fading characteristics shown already, 
the short-period variation has such remark- 
able frequency effects (the period and ampli- 
tude of variation), that the interference of 
plural waves must be mainly assumed as the 
mechanism. 

Now, if the model of the M profile shown 
in Fig. 19 is assumed, it can be explained by 
geometrical optics that the path of the rays 
is changed by the’ bending part of the M 
profile, and that as a result the spatial energy 
density at the receiving point can vary.» 2” 
The change of this energy density will be 
named convergence effect or divergence 
effect. 

The long-period variation is considered to 
be due to the macroscopic irregularity of the 
spatial distribution of the refractive index of 
the air. 

As shown in Fig. 19, the short-period vari- 
ation 1s caused when the atmosphere is con- 
structed in such a way as to produce multi- 
ple propagation paths. This sort of variation 
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Fig. 19—Model of modified index profile and 
path of ray. 


is considered to be due not only to the 
above-mentioned macroscopic irregularity but 
also due to the non-uniformity of the atmos- 
phere on a small scale. When the change 
of gradient occurs partially in the gradient 
of the refractive index, it is expected that 
long-period variation is caused in the process 
of its appearance or extinction. If parts of 
the gradient develop into radio ducts, multi- 
ple-propagation paths will be produced at the 
same time by the duct. 

Qualitatively, it is not very unreasonable 
to think that in general the long- and short- 
period variations simultaneously appear due 
to the complicated microscopic irregularity 
of the atmosphere. Fading can be explained 
qualitatively quite well by such considerations. 


2.2.1. M Profile and Field Intensity 


The field intensity in a stratified atmos- 
phere with nonlinear M Profile M(h) was 
calculated theoretically by W.H. Furry,” C. 
L. Pekeris,® etc.” and Goto.” According to 
Goto’s formula, the received field intensity 
E is given as: 


307 
Bo LORI 
Ex~—— Ss h s 9 
rise) AY? (hy) shez) 
: we eZ ey Se 
X EXP JMs Fi D\ (Volt/m) (4) 
where P: Transmitted power (Vertical 
polarized wave) (Watt) (w) 
E: Received field intensity (Volt/ 
Meter) (V/m) 
4: Wave length (Meter) (m) 
hi(h2): Transmitting (Receiving) an- 


tenna height (Meter) (m) 
D: Distance (Meter) (m) 


¢s(h1), @s(h2) are height gain functions, and 
are obtained from the next equation: 


Bps(h) _, 8x? 
dh 


10-*{Mch) —M,} ¢.(h) =0 


When hoo, they show travelling waves. 
They are such normalized functions as tend 
nearly to zero with h—0 (on the surface). 

m;(=My,+10-*) is the root of the following 
equation: 


ae . 22 { /ee+j 6004-1) = 
Fs eR arresicin je 8 
where «.: Inductivity of the earth. 


o : Conductivity of the earth. 


Accordingly, if the values of the M_ pro- 
file M(h) are accurately measured in success- 
ion, and the field intensity is calculated by 
substituting the measured M value into Eq. 
(4), the statistics of the nonlinear M profile 
should be theoretically related to those of 
fading caused by the M profile. 

Within the visible region, the series in Eq. 
(4) does not converge very well. 

Now, it is not easy to measure accurately 
M(h) of various propagation paths, because 
the accuracy of the equipment now in use is 
not satisfactory. So another method will be 
experimentally obtained by measured corre- 
lation between the M profile and field intensi- 


ty. 
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2.2.2. Relation between the Statistics” 
of the Structure of the Distri- 
bution of the Refractive Index 
of the Air and Fading 


As mentioned above, fading is phenomenal- 
ly considered to be constructed by the super- 
position of long- and short-period variation. 

The short-period variation is considered due 
to the interference of multiple-rays. But the 
general characteristics of multiple rays; such 
as, the difference of path length among mulkti- 
ple rays, the number of the rays, and their 
intensities, are not sufficiently well understood. 

And so it is thought that the estimation 
of short period fading range from the fading 
records is, at present, the possible method. 

As will be described in detail in Section 3, 
if fading can be expressed by the product of 
the instantaneous value of the long-period 
variation level and that of short-period one, 
the quantity of fading can be expressed by 
the combination of the fading quantities of 
long- and short-period variation. Paying at- 
tention to this idea, the fading quantity of 
long-period variation will be considered. 

To simplify the problem, it is assumed that 
the modified refractive index M of the air 
varies only with height. 

From the propagation path shown in Fig. 
20, suppose that the angles of beam radiated 
at transmitting point h, are shown by @,, 6,4 
dO, and ¢,, ¢:+d, respectively and that the 
heights where the beams reach the distance 
S from the transmitting point are h, and 
h,—dh, respectively. 


0 5 


Fig. 20—Geometry of path of ray. 
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Also let 0, and 0,+d96, be the arrival angles 
at the receiving point. 

Considering the directivity g:(,¢:) of the 
transmitting antenna, the density per unit 
area at distance S radiated within the small 
radiation angles of d# and dé becomes: 


gO, or) -d; -doi/S dd ( —dh,)cos 6, 


: : (—dS) 

=9:(h, d:)/S sin 0,+ dd, 

If x is defined as the ratio of the energy 

density in the atmosphere to the density in 

the idealized standard atmosphere, the energy 
density x is given by 


gi( Fr, or )d6.-dd, 
Sdb-db, 
I gi(F, or) 


S sin @;+ rey 
do, 


_ (—dS) sin 0,— _,.6-(—dS) 


S do, ~ Sade, 


hi 
= | 4-1dh 
hy 


where 6= /62+2(M—M,) 
M.: The value of M at the trans- 
mitting point h, 


M: The value of M at a given 
height h 


x is rewritten as 


_ 40, hi = 
aman 2 dh, (5) 


At first, suppose that the M profile is line- 
ar and varies only with time. 
In this case, if 


M=M.—ach.—h) (6) 


is put into Eq. (5), the following relation is 
obtained. 


peas \‘o-van 0, fs Or : 
See a.) \\ died. 


— 
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aM 
a=— . 


where d 

The above equation shows that in an_at- 
mosphere of linear M, even if the gradient 
changes with time, energy density never 
changes. 

Next, suppose the ™ profile is not linear. 
In this case, M can be given by the function 
of height h and time ¢. In Eq. (6), suppose 


M=(M)+4M and 
M,=<My+4™M,, 
where < » shows the mean value for time, 
and 4 shows the deviation from the mean 
value at any time. 
If x is taken in dB, 
x=10 longiy x 


then the following relation is obtained. 


X (dB) = 
ht 
m log th +1og, +103, | #-*dh) —log.S| 
hy 
Gb 
where m=10logye. 
Let the variation of X be 6X, and if the 
second order and the higher orders of its 


variation are assummed to be small and neg- 
lected, then 


Under the condition that S is constant, the 
following equations are obtained. 


6S =09,.S+6uS 


t h 
= -0\' o-ahoo, —| ‘9-83 Mdh—0, 
hy 


hy 
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ht 
| 4-3 bMdh 
a 


ht 2 
a 4-3 dh 
9.00, +0M, 


Die Oy 6,+646,= 4 : 


(Ae ht ht 
al gre | 4-3 dh +oy| 0-3 dh 
hy hy hy 


hy hi 
= -3{0.| ime anit | Cm oman. 
: Br 


If these equations are substituted into Eq. 
(8) on the assumption that the mean shape 
of the M profile with respect to time is line- 
ar, then the following equation is obtained. 


P+ 


ht 
aX=m) woadh. \ 
hy 
where 
i (1- alee 2 
om ig g 
Civ 
00=0 laa an OO 


If 6M is proportional to h, then 6X=0 is 
obtained. 

As shown in Reference (6), the ™ profile 
of the atmosphere is complicated. According 
to the theory in Reference (6), the structure 
of the atmosphere can be expressed as the 
following correlation function. 

Let o.(4h) be the correlation function of 
« against height 


1 0<4h<dhy 


Ahy=s 
pea =a) Ah> dn 


10) 


And suppose that this relation holds ap- 
proximately in the propagation path and that 
the atmosphere is stratified consisting of lay- 
ers with thickness 4h and gradient a; which 
are randomly sampled from the assembly of 
Qo. 

Then, Eg. (9) can be written as: 
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(Ah)i 
oX=m 3 Ga. wdh (1) 


i=1 


If the mean square deviation of the both 
sides of Eq. (11) are taken, 
(0X) =0x", (0a?) =0,", 


then, in general, 


n Cn): 2 
oxt= | x Coonl( wdh) 
1=1 


+2 D0 05,k(Ga)j (Gade 
jek 


(CAR); CAA)i 
x(| ‘wdn) (| wdh) (12) 


where p;,x is the correlation coefficient be- 
tween (0,); and (6,)x. 


If we assume, p;,1=0 (j*2), 


{Api = (Ao) = (A), 


n (Aho)i 2 
ox?=m > a.0°( wdh) ; 
=A 


And then it is rewritten as: | (13) 


Gays = Gao, 


Ix Mag” “Ah w>dh 
hr 


According to experiments, this assumption is 
nearly satisfied.” 


i) In case 6,0 
If w of Eq. (9) is substituted into Eq. 


(13), 
P a dh 4 Th 
ape ee 
x lay? ay (w€1) (14) 
_ <@a ; 
where w= OAH” 4H=h~wh, 


and d is the distance between the trans- 
mitting and receiving points 
ii) In case 6,30 
If Eq. (13) is rewritten as 


1 hy+ho 2 
a8 maa Aha ane ({; wdh) 
10) ” 


hi : } 
+ BOA 
h,+Aho 


If #,*<0, from Eq. (9) 
he 
| wadh=0. 
hy 
Therefore it can be considered that 


hi hi 
lim | wdh—0, if tim | wdh exists. 
hr hr 


0,0 0,0 


Accordingly, 


: hitAho 2 
lim wdh) 
4770) hr 


2 ere ao 
aS wdh) Beli s 
= lim | +Aho <ay?O? 


As a result, 


2 9 Dee do Ae? 0, 
ox*=M—.. (a= 4 5, ) + +562 5 loge 


<a>? 4a § 
or 
O Ps 42 Fao f Si 
pmo s (2 d 
15) 
‘1 (4d a) oe 
s5 2 ore ni i loge Ad’ 
- aoe (+ 1 
0x-=m-— = a = 
fat \\ Wada sue ae 
Ges 4H ) 
AAT Scare 
where 


40= /2<ay-dho, 


=, /2ahie 
dN 
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om 24 it 
d=,/ ay? A= huh, 


By means of the above approximate calcu- 
lation it is found that the long-period variat- 
ion is related to Gao: 4/4h) and that when 0, 
becomes small there is a tendency for oy to 
increase rapidly. An experimental analysis 
of fading range will be made, paying attention 
to these characteristics. 


3. General Characteristics and Method 
of Quantitative Estimation of Fading 


3.1. Structure of Fading 


As already discussed, it is difficult to select 
accurately and concretely only the long-period 
variation level from the fading records. 

However difficult it may be, it is thought 
possible to imagine approximately the variat- 
ion level having nothing to do with fre- 
quency. 

Now, this variation level is defined anew 
to be long-period variation level, and the in- 
stantaneous value of this level is represented 
bya: 

According to investigations of many fading 
records, it is assumed that the instantaneous 
received power intensity z is expressed by 
the product of both the instantaneous level x 
of long-period variation and that y of short 
period variation. On this assumption, if the 
distribution function to which x and y belong 
and the correlation between x and y are 
found, the distribution which the instan- 
taneous value of received power intensity z 
(=z-y) follows can be calculated, and as a 
result, fading range can be represented by 
the statistics of x and y. But, it is almost 
impossible to obtain exact correlation between 
a and y from the fading record. According- 
ly, research will be made on the tendency of 
correlation, concerning the approximate values 
of x and y. 

The values in dB of z, y, and z are shown 
respectively by X, Y, and Z. Assume that 
the quantity corresponding to x is X (dB), the 
instantaneous value of mean received power 
level described in Section1, and that the 
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quantity corresponding to Y may be (Z-X) dB, 
the difference between X and Z at any time. 

Instead of the correlation between X and 
Y, let us find the correlation between X and 
Z-X. Figs. 21 and 22 are few examples of 
the correlation. Then little correlation can be 
found between them over a long-period as 
shown in Figs. 21 and 22, even if positive or 
negative correlation is found between them 
for a short-period. In the consideration made 
over a fairly long-period, x and y may be 
thought of as approximately independent of 
each other. 


Z 
os 0 5 ——— —————1 
co 
& 
“ : 
di | 
10 = - } 
= 10) 
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X (dB) 


Fig. 21—Scatter diagram between Z—X and X. 
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Fig. 22—Scatter diagram between Z—X and X. 
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If the instantaneous value of long-period 
variation, x, and that of short-period variation, 
y, are assumed to follow the following as- 
sumption: 

(a) The values of x and y in dB have 

Gaussian distribution. 

(b) a has Gamma-distribution, and y Beta- 
distribution. 

(c) «x and y have Gamma-distribution. 

(d) The value of x in dB has Gaussian 
distribution, and yy, Gamma-distribution, 

then the distribution function of z (random 
product of x and y) becomes as foilows by 
calculation: 

(a) The distribution of z in dB for con- 
dition (a) is Gaussian distribution. 

(b) The distribution of z for condition (b) 
is Gamma-distribution.* 

(c) The distribution of z for condition (c) 
becomes the sums of Gamma-distri- 
bution.** 

(d) The distribution which z follows for 
condition (d) becomes after effect 
function.” *** 

According to actual measurements, the dis- 
tribution of the instantaneous value z of the 
received power measured over various pro- 
pagation path for periods of 10 days to one 
month can be approximated by one of follow- 
ing distributions: 

(1) The dB instantaneous value of the re- 
ceived power intensity follows Gaussian 
distribution. 

(2) The instantaneous value of the receiv- 
ed power intensity follows Gamma-dis- 
tribution. 

(3) The instantaneous value of the receiv- 
ed power intensity follows the composite 
distribution of (1) and (2). 

As a result, the assumption of the distri- 
bution function of x and y is considered not 
too unreasonable, and so the composition of 
fading is decided to be the product of x 
and y. 


3.2. Frequency Characteristics 


When the long-period variation level xX 


a See appendix (i). ** See appendix (ii). 
x See appendix (iii). 


and the short-period variation level Y follow 
respectively the Gaussian distribution N (Mx, 
oy) and N (0,oy) the product of x and y 
(the product being shown by z) follows the 
Gaussian distribution N (Mz,o-). That is, 
the following relations are obtained: 
oz= Vox? +oy’, Mz=Mx 

If the variation ranges of X, Y, and Z 
against the 1-99% probability, ie. fading 
ranges, are shown by F, Fy, and F,,; respec- 
tively, the relation: 


F,;=q Vox +or? = J F2+F? 


is obtained. 
Where 


qox=Fy, Qoy=Fy;, q=4. 66. 

The fading ranges F,; evaluated by the 
exact formula for conditions (b), (c) and (d) 
in Section 3.1 are plotted in Figs. 23, 24, and 


25 against the fading ranges evaluated by 


1 n,-1 N2-1 
Bim.) > Tage 


Ao(x= MS TAO = 


avti 
nee 


co a(x, ) 
flz)aly flO; 0 aro ay be 


where z=x. y 
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Fig. 23—Deviation of {FeX)+F2(Y)}12 from 
exactly evaluated value F.;(Z). 
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Fig. 24—Deviation of {Fo?(X)+F;?(Y )}!? from 
exactly evaluated value F;;(Z). 
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Fig. 25—Deviation of {Fy?(X ) + FY )}2? from 
exactly evaluated value F,,;(Z). 
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the following approximation formula F,;= 
VF P+F,. 
The errors due to the values evaluated by 
F.,= /F2+F, are less than 2 dB. 
Therefore the fading range can be appro- 
ximately represented by the following equ- 
ation: 


Fyp= VFR+ FP (16) 
Next, F; is written in the form, 
Fy=(Bf)? a7) 


where p and # are constant coefficients be- 
ing independent of frequency f Then the 
following relation is obtainable: 


Fs= VF + (Bf)? (48) 


If the fading ranges are measured for more 
than three given frequencies in the same 
path and the same period, three unknown 
factors p, 8 and Fy in Eq. (18) can be evalu- 
ated. 

Table 4 shows the values of p obtained 
from the simultaneous experiments on the 
same propagation paths. The frequency 
characteristics of fading range of short-period 
variation are found to be approximately pro- 
portional to f!”. Let the value of p to be 
p=0.5, and the following expression is 
possible: 


Fyy= VFE+BS (19) 


where the unit of f is Ge. 

If the values of fading range, F,; are 
measured simultaneously for two frequencies 
on the same path, F) and § of the path are 
obtained by Eq. (19). The correlation be- 
tween F, and § obtained in this way is 
shown in Fig. 26. The correlation coefficient, 
y=0. 972 is obtained. 

According to the F-test, the correlation can 
be regarded significant for sample N=8. If 
the regression line of § to Fy is assumed to 


be 


logio Fo=™ logw B+], 
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Table 4 


OBSERVED VALUE OF p 


Oe ee ee eee 
Month and year Frequency (Gc) Pp p 
Mt. Futago-Mt. Tsukuba June, 1954 Ds 4, 6 0. 43 
y July~Aug. 1954 (3, ese 0.52 
4 July~Aug. 1954 al 25), 4, 6 0. 49 0. 508 
Fudo-t6ge-Itsukaichi Aug.~Sep. 1956 15; 7 4, Od, 0. 55 
Kawaguchi-Itsukaichi July~Aug. 1956 11, 4, Gal 0.55 


the regression coefficient m becomes 0.464. 
For convenience, the next approximation is 


30 


LoBe/o= M0843 + /| adopted: 
20F 
10k pale 
2 at If ‘‘a” is evaluated by the method of least 
pa 7 squares, it becomes: 
3 
2 a ON 28003 (20) 
1 H L a 
10°° CE Ey Ey i oan 3 Eq. (18) is expressed, more generally, as 
B (dB) follows: 
Fig. 26—Correlation between Fy and f. 
ig = T3tyh am V Foi t Ki, Poe? (21) 
where i=propagation path, 7=frequency. 
1.25 
The value of “a” in Eq. (20) nearly corres- 
ponds to that of “a” evaluated by the method 
be of least squares as for Eq. (21). 
a ; The error due to using 8=0.28F)" is within 
ne about 5% over the variation range of Fy. As 
0.75 ‘ a result, the following form will be adopted 
é as the frequency function of fading range. 
0.5 ae 
0.2 OVATION 6S 150 2n0 4.0 6.0 F,; == Bs A aeO) oF (22) 
7 (Gc) 


Solid Line : Theoretical Val ict] 
Pe as where F\=The characteristic constant of the 
Fig. 27—Frequency characteristics of fading 


range propagation path for the season. 
f=Frequency in Gc/s. 


. The normalized frequency characteristics of 
fading range at 4Gc are shown in Fig. 27 
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Fig. 28—Comparison between measured fading 
range and calculated one. 


The solid line in the figure corresponds to 
Eq. (22). Fig. 28 shows the comparison _be- 
tween the measured fading ranges of various 
frequencies at the same time and at the same 
path, and the fading ranges evalated by Eq. 
(22). 

F,; can also be written as 


eCity) — Vio ah = / Feet? 
(23) 


Accordingly, F;= Va f'?Fy 
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Therefore, F.; and F; are proportional to 
Fo. 

This relation has been obtained by quali- 
tative estimation from the experimental 
characteristics of Section 1.4. One of the ex- 
perimental results which show its propriety 
will be described in the following. 

Figs. 29 and 30 show the records of 4 Gc 
propagation tests made over two paths—path 
A and path B—(See Fig. 35) between the 
middle side of Tsukuba Hill and the broad- 
casting tower at Kawaguchi with receiving 
antennas of different heights. These are 
examples which show diurnal variation ranges 
in dB (max., min./5 min.). 

In these figures, (a) shows an example for 
a day with heavy fading, while (b) an ex- 
ample for a day with light fading. At a 
glance it is found that when fading range 
F,,; is large the long-period variation varies 
more and its duration is longer than when 
F,; is small. It is supposed that the propor- 
tional relation between F,; and Fy shown by 
Eq. (23) is little related to the receiving 
height. 

As for these two paths, the daily fading 
range of F,) was derived from the daily fad- 
ing range of F,, by using the method shown 
in Section 1.3 and the correlation between 
these daily fading ranges is plotted in Fig. 31. 

The correlation coefficient between these 
ranges is larger than 0.84 (this value being 
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Fig. 29—Examples of diurnal signal variation received on the Kawaguchi-Mt. Tsukuba 


path 


at 4Gc/s. (a) A day (Nov. 9~1 


(Nov. 6~7, 1954) with light fading. 


0, 1954) with heavy fading; (b) A day 
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Fig. 30—Examples of diurnal signal variation received on the Kawaguchi-Mt. Tsukuba 
path at 4Gc/s. (a) A day (Nov. 9~10, 1954) with heavy fading; (b) A day 
(Noy. 6~7, 1954) with light fading. 


3.3. Seasonal Characteristics of Fading 


30 
eAntenna height(53 m) : : 
- fi (227 m) In Section 1.4.1, the outline of the corres- 


pondences between the fading ranges and 
° various meteorological factors are shown. 
20 Q Among these correspondences, it is found 
that fading ranges are closely related to the 
parameter which includes the variance of 
ia average gradient of modified refractive index 
M of the air. The reason is thought to be 
| as follows: 
A According to the consideration in Section 
2.2.2, the variation of long-period level is 
caused by the convergence and divergence of 
radio energy due to the bending part of the 
0 10 50 M profile, and the fading range F, of long- 
period variation is written as 


Daily Fading Range / (dB) 


0 


Daily Fading Range of £,(dB) 


: ' Pyxox 
Fig. 31—Correlation between daily range of 


F,; and daily fading range F, ob- 
tained on both path A and B. Path 
A and B are indicated by mark @ 


Therefore from Eq. (13) 


and © respectively. Fo=func n{ Seon ain | (24) 
aa a 

the correlation coefficient at the 1% signifi- where om Shows hen ae 
pee ele the. Chi ies. average gradient a, of the modified refractive 

AG Rll Gye oare eee an gee eet the stratified layer with the thick- 
proportional to Fy. In the figure, the mark eiee ee 
° shows ihe CNG ae ee ee ae ee experimental result is given in 
receiving point. This proportional relation ee AES 


shows that it is hardly influenced by the dif. : 
ference of receiving height. Pao" Ahy=0,2-4H= invariant 
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where o, shows the standard deviation of 
average gradient a of the modified refractive 
index of the layer with the thickness 4H. 

The sign < )» means timely mean value. 

Therefore if 4H is assumed to be a stand- 
ard value, the following relation can be 
written: 


el { Ga Bsa { | 
Fy=func n i or fy=Cyfunc n Léa $ 
(25) 


C.C.I.R’s advice proposes that 4H=1000m 
(1000 m above the ground) should be taken. 
The value of M on the ground, however, is 
easily controlled by local meteorological phe- 
nomena, influenced by objects on the ground, 
and influenced by topography. 

Accordingly, it is doubtful whether it is 
suitable or not to insert this into the amount 
which estimates the state of the upper layer. 
Besides, practically it is not easy to evaluate 
accurately the meteorological condition at the 
appointed altitude of 1000m from the surface. 
From these points of view, radiosonde data, 
which are found in the Aerological Data 
published monthly from the Meteorological 
Agency are used. And the atmospheric pre- 
ssure level of 1000 mb (about 100m above the 
ground) is used instead of the ground surface. 
Moreover, instead of the altitude of 1000m, 
the appointed atmospheric pressure level 900 
mb (about 1000m above sea level) is adopted. 
The mean value <a) of the average gradient 
a between the two pressure levels and the 
standard deviation o, for a month are calcu- 
lated. These calculated values are regarded 
as the representative values for the month. 

If the form of the function of Eq. (25) is 
found, the seasonal movement of the fading 
range can be brought to light. 


3.3.1. Experimental Equation of the 


Function func n i 


The fading range data are consisted of the 
results measured in the path between Fudo- 
toge and Itsukaichi, which runs parallel to 
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the ground surface. In the scatter diagram 
a in Fig. 32, the correlation of ¢./a) obtain- 
ed from the radiosonde data at Tateno dur- 
ing the same period in the month is shown 
against the monthly fading ranges at the 
frequency of 4Gc, which were measured 
throughout one year over the same path. In 
this figure, w is used instead of «a,. Here, 
considering the small number of the samples 
of a, unbiased variance u,2 is used. As shown 
in the figure, a very good linear correlation 
is obtained. 


60 = 7 
: me | 
< 40/-——— b © d (150km) 
W a9 a» d (100 km) ee 
0 c x d (50km) 
oO | | 
a« 20 a 
00 
= | i 4 
oO 
j Wes 

10 

0.02 0.04 0,06 0.10 0.20 0, 30 
Uae en > 


Fig. 32—Correlation between fading’ range F,, 
and u./<@> with respect to three paths. 


So, the function form of Eq. (25) is as 
follows: 


Ua )4 


(ay J se 


Rac 


Then the constants g and ¢ are obtained by 
the method of least squares, 


q =0. 4445 
(27) 
C9395 


The calculated correlation coefficient p be- 
tween the measured fading range F, (4 Gc) 
and the fading range F,’ (4Gc) estimated 
from Eqs. (26) becomes: 


p=0- 97. 


The square value s? of the difference be- 
tween measured value and the _ estimated 
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value is obtained from 


s?=0. 645 (dB)? 


Accordingly, 


s= +0. 804 dB 


For the convenience of practical calculation, 
if the method of least squares is used with 
the assumption q=0.5, the following is ob- 
tained: 


C=60. 4 


The seasonal variation range of 4./<a) 
through a year is usually less than the range 
from 0.01 to 0.25, as shown in Fig. 32 and 
Table 6. The error due to the replacement 
of gq from 0.4445 to 0.5 is found to be with- 
in a range of + 5% at the most as the re- 
sult of calculation. Accordingly, the index q 
is chosen to be 0.5 for the convenience of 
practical calculation. The solid line a in Fig. 
32 shows the estimated value when gq is 
equal to 0.5. 


3.4. Distance Characteristics of Fading 
By combining Eq.(22) and the result 


above, the fading range F,, for any frequen- 
cy can be expressed as: 


F,yoc J140. 287 42 


1/2 
en ‘func n(d)-¢(hi,h,) 


(28) 


Where func n (d) and ¢(h,h,) respective- 
ly show the functions with the variables of 
distance and height of the transmitting (re- 
ceiving) antenna above the ground. ¢(h,, h,) 
will be dwelt upon later. When (a) and On 
are assumed constant with altitude, it is con- 
sidered from Section 2.2.4 that fading range 
becomes largest in case of h,=h, and bh 
h,)=1. The analysed paths are the path ps 
tween Fudo-toge and Itsukaichi (97 Km), the 
path between Mt. Tsukuba and Mt. Futago 
(147 Km), and the path between Kawaguchi 
and Itsukaichi (48 Km). The characteristics 
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of these paths (relative position of the path 
to the ground) are not the same, but the 
assumption ¢=1 is thought not to cause a 
large error, as a result of consideration of the 
altitude characteristics of <a) and o., and 
consideration of the propagation path height, 
and of its inclination against the mean sur- 
face of the earth which will be described in 
Section 3.6. 
In Fig. 32, the data for each of the above 
path are shown by a, b, and c respectively. 
There was no experiment made over a 
complete year. The monthly fading ranges 
during the measuring period are plotted a- 
gainst the values of U./<a> obtained from 
the radiosonde at Tateno during the period. 
The measuring points of both b and c run 
nearly parallel to the measuring points of a. 
This fact shows that the law of {o./<a>}'? 
can be applied for every distance. 


3.5. Comparison between Experimental 
Formula of Fading Range Esti- 
mation and Its Measured Value 


After eliminating the frequency effect and 
seasonal effect of fading range, the distance 
characteristics of Fy) (d) are as shown in 
Pig.33. 


Solid Line : Theoretical Value 


10 30 50 100 200 
d(km) 


Fig. 33—Characteristics of Fy against path 
distance. 


Where 


F\(d) =func n(d) = ie 
v1+0.287 | 


= Ee 
Zap 
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A fairly good linear correlation is obtain- 
able. Therefore the func n (d) is shown by 
d”, and the fading range is written as 


Gy 1/2 
F.=K J140.287\75b dB). 80) 


Finally, if K and » are evaluated by the 
method of least squares, the following ex- 
perimental formula is obtained: 


say 1/2 
Fey=3. 73 150. 287 | Z| d0.53+¢ (dB) 
(31) 
eé=—1: 61 GB: 


Where ¢ is the root mean square of the 
difference between the measured value and 
calculated value. 

In Fig. 34, a comparison between the calcu- 
lated and measured values is shown. From 
this, fading range can be considered propor- 
tional to the 0.53 power of the distance. 


3.6. The Effects of Path Height and 
its Inclination 


3.6.1. The Influence of Path Height 


upon Fading Range 


The value of ¢(/u,h,) is considered to be 
determined mainly by the average height of 
propagation path above the ground and the 
inclination of the path itself to the ground. 

When the path inclination is fixed, the in- 
fluence of the average height upon fadings 
is dependent on the characteristics of the 
gradient of the refractive index of the air 
and its variance in every season and in every 
region. 

For instance, the result of the variance 
analysis in every district as to o, obtained 
from radiosonde data in 1951 is shawn in 
Table 5. 

From this table, co, is found to be related 
to height h (0-500 m), (500-1000 m), (1000- 
1500 m) and month m (seasonal effect), but 
the difference of o, against the factor h at 
all locations is not significant on the 1% 
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Measured Fading Range /,¢ (dB) 


0 10 20 30 40 


Calculated Fading Range /; re (dB) 


Fig. 34—Comparison between measured fading 
range and calculated one by estimation 
formula. 


significance level. 

According to the result of statistical analy- 
sis of M profiles in the layers more than 30 
m above the ground (in layers less than 30m 
above the ground, the data are not sufficient), 
the characteristics of the mean value of the 
modified refractive index gradient and the 
characteristics of its standard deviation against 
height are not so remarkable below 1500 m 
above the ground at the nine radiosonde 
observatories in Japan.” 

If the above stated characteristics can be 
regarded as general, there seems to be not 
such a large influence, if any, of the mean 
height of propagation path upon the fading 
range. On the basis of the significance test, 
the effects of the inclination of the path upon 
fading are considered larger. 


3.6.2. The Influence of Path Inclination 
upon Fading Range, and _ the 
Characteristics of ¢ (Ju, h,) 


In general, the surface of the ground is 
not plain. Besides, the propagation path is 
not usually linear. By using the mean gradi- 
ent <a>) (M.U./m) of the M profile defined 
within the range of the radio propagation 
path, the radius R of the curvature of the 


mle Se eee 
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Table 5 
RESULT OF ANALYSIS OF VARIANCE 


Result of analysis of variance 
District Factor Variation Freedom Unbiased variance Judgment 
m 473.3 11 43.1 a 
Wakkanai h 21.6 YA 10.8 
mxh 63. 1 22 Pe towl 
m 344. 9 11 31.4 * 
Sapporo h Daz a IA A 
mxh 65. 8 22 2. 99 
m 399.9 il 36. 4 a 
Akita h Sao, Zs GI) 
mxh 29.8 22 BE) 
m 438. 3 ll is 39.8 * . 
Sendai h 6.1 2 3.05 
mxh 30. 6 22 1. 39 } 
m 360. 2 iG 32.7 [ = 1 
Haneda h dot 2 3. 85 
mxh BOAO 22 2. 68 
m 565. 6 BI 51.4 P 
Wajima h 9.0 2 4.50 
mxh CORT, 22 4.53 
m 543. 0 11 49.4 & 
Shionomisaki h 34,9 2 17.45 
mxh Gea il 29 3.4] 
ak gales 1 38.9 x 
Yonago h 12.0 2 6.0 
mxh 40.7 22 1. 85 
oe a 11 16.9 =e 
Kagoshima h 6.0 2 3.0 
mxh Oil & 29 279 
Notes: Numerical value is muliipled by 500. 


* Significant. (1%) 
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radio path is given as follows: 


10° 


RZaMS- 


Even if transmitting and receiving antenna 
heights are not equal, a part of the propa- 
gation path will be parallel to the ground 
surface. The condition for this is shown by 


2Nhi~whr) _ hi~wh, 
def ot A14/ eS 


(km) (2) 


where h,(h,): The height of transmitting 


(receiving) antenna 


In this case, from the result of geometrical 
analysis in Section 2.2.4, it is considered that 
the contribution of path characteristics to 
fading range is most remarkable in the part 
of the propagation path which is in parallel 
to the ground surface. The fading range 
taken in this part seems to determine the 
greater part of the fading range of the path. 
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Therefore, under the condition of Eq. (32), 
the quantitative characteristics of the fading 
range is determined by the fading range 
taken in this part, even when h, is not equal 
to h,. 

In the following, an experiment to show 
that the above is appropriate, will be des- 
cribed. 

The two propagation experiments were 
carried for the distance of 54.8 Km _ between 
Tsukuba Hill and Kawaguchi. The transmit- 
ting antenna height at Tsukuba Hill was 
245 m above sea level and the receiving an- 
tennas at Kawaguchi were installed at two 
different heights, 53m and 227m above sea 
level. We call the former path and the latter 
path A and B respectively. On both of these 
propagation path, the reflected waves on the 
ground are almost shielded by standing trees 
or topography near the reflection points as 
shown in Fig. 35. 

Accordingly, large fading due to the inter- 
ference of the ground reflection wave can be 
eliminated, and then the fading due to re- 
sidual ground reflection waves can be ignor- 


ae 2 i 
eee aie a | 
eis wee aie ma ees 
x | A ra 
ye re oe : 
|e ac eat es 
1757s 8 ee a, ee = 
rm Bee agi: : 
150] 8 a oa ae oe . 
= ao 8] oe a 
E a =! = 
e125 Ne ee oat a a 
i) | ee 
75 = a aa | 
50f La | 
ee 
Le 
‘ae 
— 25 


Fig. 35—Path profile from Kawaguchi to Tsukuba-Hill. 


Dy 


ed as compared with the fading range due 
to ducts, because the fading range is defined 
as the variation width of 1%-99%. 

Radio frequencies used for tests in both 
paths are different from each other by only 
0.04 Ge/s in the 4Gc/s band, and so the dif- 
ference of fading range caused by the dif- 
ference of frequency is not significant in the 
discussion. Therefore, the experiment can be 
said to be a comparison of the profiles of 
these paths. The ground along these paths 
is nearly flat and rises gradually in the di- 
rection of Tsukuba Hill. 

The structure of the atmosphere is thought 
to be stratified in parallel to the ground 
surface, and so the profile of the propagation 
path in the figure is drawn by taking the 
mean ground surface as the standard of the 
ground level. The height of the transmitting 
antenna is about 210m above this standard 
level, and the condition of Eq. (32) is  satisfi- 
ed concerning both the paths. 

Fig. 36 shows the quantitative comparison 
of the diurnal fading ranges. On days with 
small fading range in path B, the fading 
range im the so-called inclined path A be- 
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Daily Fading Range Frf Measured on Path B (dB ) 


Fig. 36—Comparison of daily fading range 
measured on path A with that 
measured on path B. 
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comes larger. This is considered to be due 
to the irregularity of the M profile which is 
severer near the ground surface than in the 
upper layer. 

But on days with large fading range, the 
ranges in both the paths are nearly equal, 
with little difference caused by the inclination 
of the path. 

Such characteristics are obtained, probably, 
because a part of the path which looks in- 
clined is parallel to the ground surface. 


3.6.3. Path Inclination and the Incli- 
nation Coefficient 


dai s1/ nw (aw) (33) 


In order to satisfy the condition of Eq. (33) 
the radio path does not run parallel to the 
ground. The path which satisfies this con- 
dition, is defined as a slanting path in this 
paper, while that which satisfies Eq. (32) is 
regarded as a horizontal path. Moreover, in 
this case, ¢(Ju, h,) is assumed to be 1. 

As supposed from Section 2.2.4, fading 
range varies with the inclination of the radio 
path to the ground. 

Let $(f,h,) be the ratio of the measured 
fading range in a slanting path to the fading 
range obtained from Eq. (31). 

We shall introduce the parameter « which 
shows the inclination of path to the ground, 
and put it as follows: 


__ <a 
oe | 
where (34) 
pels | 
d 


If w is plotted against o(hi,h-) by using 
Eq. (34) for experiments, the relation in Fig. 
37 is obtained. Here, from the approximate 
tendency between bhi, hy) and u, Ow) can 
be found. 

The fading range in a slanting path can 
be represented by ®u). Therefore Pu) is 
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ee : the Sea of Japan to the north, the Pacific 
A PS a Ocean to the south, and most of the land is 


=e fall a ee occupied by the high mountains running 
2 NE sy ee lengthwise through the middle. 
ee ie | | Therefore the meteorological conditions are 
0.2 | very complicated. Accordingly, the atmos- 
Oi re oe EE pheric conditions relating to radio propagation 
u have regional differences quite remarkable. 


Especially remarkable is the effect of lati- 
tude difference. Typical examples of extreme 
regions in Japan are shown in Fig. 38. 

These examples were calculated monthly 
from the aerological data at Kagoshima, Tate- 


no and Sapporo during the 3 years from 
1954 to 1956. 


Fig. 37—Relation between inclination coef- 
ficient ®(w) and parameter uw. 


called the inclination coefficient of a path. 


3.7. Estimation Formula for Fading 


Range adits Application The values of <a) is monthly mean of the 
average gradient of modified refractive index 
3.7.1. The Outline of the Regional Dis- and is calculated per unit height between the 
tribution of the Refractive Index two altitudes whose air pressure are 1000 mb 
of the Air in Japan and 900 mb. The value o, is the standard 
deviation of a in the same period. In a later 
Japan faces the Siberian Continent over section, these factors will be called atmos- 
Kagoshima Tateno 
(5) Gg ==1e0 
15 Eas <a> if Ea <a> 
10-2L at 1072E ial aul 
8 8 
ee r ee 
= 4 = a= 
z = 
S x10 ° 10s = 
2r 205 2p 210m 
15 os ha fe = 
ao al ; A -aL EE eed zee A 
10° *L 3 Se 1.0 vi; dens 12 EAS 6768 9101112 ra Vj 
Month Month 


Sapporo 


€ 

=) 

= 

2 ‘€ Fig.38—Examples of seasonal and regional 
= characteristics of monthly mean 
= value of a and of standard devi- 
A ation of @. 
V7 


Month 
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Table 


VALUES OF <a>) AND 04 BETWEEN 1000 MB 


Wakkanai Sapporo Akita Sendai 
<a) Ag <a> Oa <a iP Ca <a> Cu 
JAN. : 227 0. 00276 0.1214 0. 00370 0.1206 | 0.00330 0. 1209 0. 00336 
FEB. 0. 1220 0. 00441 0. 1210 0. 00395 0. 1208 0. 00342 OMMZ23 0. 00522 
MAR. 0. 1210 0. 00324 (0), sal 0. 00363 0. 1206 | 0. 00439 0. 1203 0. 00602 
APR. 0. 1183 0. 00531 0. 1202 0. 00483 0. 1178 | 0. 00683 0.1178 0. 00688 
MAY 0. 1145 0. 00832 0. 1170 0. C0653 OP Ls | 0. 00821 0. 1146 0. 00916 
JUN. 0. 1144 0. 00808 0. 1161 0. 00818 0. 1112 | 0. 00774 0. 1133 0. 00996 
ION, 0. 1146 0. 01151 Oy BLA 0. 00943 0. 1098 | 0. 00S07 0. 1090 0. 01092 
AUG. 0. 1128 0. 01329 0.1112 0. 00945 0. 1077 | OLOLLIt 0. 1084 0. 01161 
SEP. 0. 1101 0. 01185 0. 1128 0. 00798 Ox eieat | 0. 01100 One 0. 01167 
OCA 0. 1170 0. 00713 OMS 0. 00675 0. 1169 | 0. 00698 0.1170 | 0. 00817 
NOV. 0. 12138 0. 00429 0. 1206 0. 00381 OmLSS 0. 00574 0.1195 0. 00534 
DEC: 0. 1277 0. 00522 0.1218 0. 00277 O20 25 eo 00897 0. 1206 0. 00356 


pheric radio meteorological constants. 

The value of <a) at Sapporo is larger than 
that at Kagoshima all year round, and <a) at COMPARISON OF VALUES OF <a) AND dq 
Tateno is smaller than that at Sapporo but BETWEEN ON LAND AND OVER SEA 
larger than that at Kagoshima. Its seasonal 
value, however, is least in summer, largest in 
winter, and its deviation is small at every ~ 
place. eS a ie Sa a 

On the other hand, the regional difference oe ¥ 
of o, is larger than that of <a), that is, the 
value of o, is much larger at Kagoshima 
than at Sapporo on the whole. The value Pee. ees aay) 
of o, at Tateno is midway between them. : — -_ - 

The seasonal variation of o, is also contra- 
ry to the variation of <a). That is, it is 
largest in summer, and smallest in winter. 
Besides, the variation is far greater than that 
of <a, and that in summer is over twice as 
large as that in winter. 

Table 6 shows the monthly atmospheric 
radio meteorological constants between 1954 
to 1956 calculated from radiosonde data at 
nine Aerological Observatories in Japan. 

Table 7 shows an example of comparison 
between the constants over the sea and those 


Table 7 


Torishima | Tateno 


Aug. 0. 094 OF COST see Ol00 0. 0087 


over land. 


Between fading ranges and the atmospheric 
radio meteorological constants obtained by 
radiosonde observation, as already mentioned, 
it has been proved that there is a good 
correlation from experimental and theoretical 
considerations. Therefore by using data from 
radiosonde observations, the fading range 
everywhere in Japan can be estimated. 
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AND 900 MB LEVELS (1954~1956) 


“355 


Tateno Wajima Shionomisaki Yonago Kagoshima 

<a) Ca <a» Oa <a> Oa 1 hee Oa ee ee x 
0. 1206 0. 00522 0. 1197 0. 00434 : 0. 1220 0. 00483 0. 1194 0. 00394 0. 1203 0. 00647 
0. 1209 0. 00593 0. 1196 0.00430 | 0. 1206 0. 09516 0. 1194 0. 00349 0. 1190 0. 00736 
0.1193 0. 00617 0. 1186 0. 00538 OL 172 0. 00769 0. 1182 0. 00552 0. 1182 0. 00747 
0. 1157 0. 00872 0.1161 0. 00829 Qs I) OS Te Or 1158 | 0. 00906 0. 1136 0. 01095 
(OBB EZ5) 0. 00891 0.1119 0. 00973 0. 1070 0.01143 On 0. 00971 0. 1110 0. 01060 
0.1114 0. 01243 0. 1080 0. 00970, 0. 1025 0. 01183 0. 1087 0. 01129 0. 1071 0. 01307 
0. 1065- 0.01071 0. 1058 0. 01184 0. 0964 0. 01341 0.1055 |. 0.01190 0.1051 0. 01046 
0. 1075 0.01195 0. 1041 0. 01288 0. 0974 0. 01072 0. 1021 0. 01046 0. 1062 0. 01077 
0. 1091 0. 01137 0. 1070 0.01218 0. 1041 (OonZ7Bb 0.1079 | 0.00982 0. 1088 0. 01346 
0.1145 0. 00928 0. 1130 0. 00915 0. 1134 0. 00846 0.1141 0. 00684 0. 1136 0. 01117 
0.1174 0. 00690 0. 1176 0. 00831 0. 1167 0. 00806 0. 1181 0. 00469 0. 1146 0. 01230 
Ont 0. 00572 0. 1190 0. 00420 0. 4196 0. 00663 0. 1195 0. 0U401 0. 1181 0. 00733 

3.7.2. Method of Estimation of Fading sumption ®(w)=1 in Fig.39. The approxi- 


Range and Its Application 


If the path distance d in km, the trans- 
mitting (receiving) antenna height above mean 
ground level h, in m (h, in m), and the radio 
frequency f in Ge are given; the fading range 
F,; (dB) can be obtained as follows by finding 
the atmospheric radio meteorological constanst 


<a> and o,: 


Fey=3. 73-140, 287 {2} a0-580(u) 
| apallacom = | 
_@d_  @d | 
where u= ie TID 
(35) 
o./<a>: Radio meteorological coefficient 
determined by o, and <a). 
@(u): Path inclination coefficient de- 


termined by uw. 


For the convenience of calculation, nomo- 
graphs for Eq.(35) are shown on the as- 


mate value of ®(u) is found from Fig. 37. 

Table 8 shows a comparison of fading 
ranges measured recently (August, 1958) for 
a microwave circuit between Toyama and 
Asahi with those calculated by Eq. (35) from 
the atmospheric radio meteorological coef- 
ficients obtained from radiosonde data for the 
same period at Wajima. Fairly good corres- 
pondence is found. 


Table 8 


COMPARISON BETWEEN THE MEASURED 
VALUES AND THE CALCULATED VALUES 
OF FEDING RANGE 


i Ge) | 
1.5 £6 | 657 |" Nae) 
Fs (dB) ~ EET EO ae 
Calculated 
Valec Or, olen Sen 0. 84 44 
Measured | 19 fies 125 
Value 
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Fig. 38—Nomograph F,;=3. 73 V1+0. 28 f{oa/<a>}1/2d0-53, 
In Japan, aerological observatories are away from Wajima and is a slanting path 


located at intervals of about 400km. There 
are not enough to meet our desire, and is 
not considered proper to interpolate atmos- 
pheric radio meteorological constants between 
observatories. 

In addition, observatories are all on ground, 
and as a result, it is nearly impossible to 
find atmospheric radio meteorological con- 
stants in mountainous districts. 

But it has been found that the fading 
range for the Mt. Futago-Tsukuba Hill path 
fairly distant (about 100 km) from the near- 
est radiosonde observatory can be explained 
with the atmospheric meteorological coef- 
ficients at Tateno, and that the fading range 
for the Toyama-Asahi path can be explained 
with the atmospheric coefficients at Wajima. 

The Toyama-Asahi path is about 80 km 


nearly parallel to the coast line. A part of 
it is a so-called typical propagation path 
along the coast-line over the sea. 

Good correspondence is found between the 
fading range of these paths estimated from 
radiosonde data and the measured value. As 
a result, excepting mountainous districts, 
sonde data are considered applicable to fairly 
wider regional range. 

Of course, because of peculiar local meteo- 
rological conditions in the lower layer, atmos- 
pheric radio meteorological constants are 
probably quite complicated. Therefore it is 
desirable to consider the meteorological con- 
ditions which cause irregular distribution of 
refractive index to the full. 

What should be stressed here is the abnor- 
mality of fading due to abnormal meteorologi- 
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- Fig. 40—Comparison between atmospheric radio 
~ meteorological constant at Wajima in 
1957 and that in 3 years from 1954 to 

1956. 


cal condition. For instance, the fading range 
which occurred during the 5 months from 
June to October 1957 was larger than that 
during the summer of the year for the Fudo- 
toge-Itsukaichi path; and in May and June 
1958, unusually severe communication dis- 
turbances occurred often on the circuit in the 
northern district. 

Fig. 40 shows a comparison of the atmos- 
pheric radio meteorological constants calculat- 
ed from the Wajima radiosonde data in May, 
June, and August of 1958 with the values 
for the three years from 1954 to 1956. It is 
clearly found that the values in May and June, 
1958 are unusual. (by F-test). 

Of course, the appearance of the abnormal 
values of atmospheric radio meteorological 
constants is considered due to abnormal 
meteorological phenomena, but the reason 
has not yet been clarified. But the determi- 
nation of the cycle with which these pheno- 
mena repeat, that is, the estimation of the 
return period, is a problem very important to 
practical radio communication. 

It is considered necessary at least to calcu- 
late the atmospheric radio meteorological 
constants when abnormal fading appears and 
to compare them with those in normal years 
to ascertain whether there is abnormality due 
to propagation. 
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In the future, the wideband radio circuits 
will be expanded and the main microwave 
relay circuits will be loop connected; there- 
fore will become possible to avoid disturbance 
due to local abnormal propagation phenomena, 
by selecting the proper loop-connection. 

For this purpose, as in the case of short- 
wave propagation, also, Prediction and Alarm 
of troposphere propagation are believed to be 
necessary to make plans for avoiding the 
effects of abnormal meteorological conditions. 


5. Conclusion 


In this paper, researches on the concrete 
problem of propagation have been described, 
especially those on the estimation of receiv- 
ing field variation which have been faced so 
far in the designing of microwave relay 
circuits. 

This research is summed up as follows: 


(1) The representation of fading range 
(the ratio of field intensity at cumulative 
probability 1% to that at cumulative 
probability 99%, in dB) is defined, and 
the correlations between various meteoro- 
logical elements-e.g. vapor pressure, tem- 
perature, humidity, and modified refra- 
ctive index M on the ground and mean 
modified refractive index gradient below 
1000 m above the ground~are discussed. 
As a result, it is found that fading range 
is closely related to the variation of oy. 

(2) There are two modes of fading, that 
is, long-period and short-period variation 
modes. 

(3) In long-period variation, frequency 
characteristics are seldom found. In 
short-period variation, the frequency 
selective characteristics are remarkable. 

(4) In the case of severe  short-period 
variation, the fading ratio is quite de- 
pendent on frequency. 


From experimental results, the causes of 
long- and short-period variations are thought 
to be different. 

The former is considered due to the spatial 
density of received radio energy caused at 
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the bending part of the M profile in the 
geometric optical approximation, while the 
latter is due to the mutual interference be- 
tween multiple waves caused by multiple- 
refraction. 

From the results of long-term close obser- 
vation of radiosonde, the following are found. 


(5) The vertical gradient a of refractive 
index in the layer with thickness 4H (m) 
has been found to have Gaussian distri- 
bution under practical approximation. 
When the layer thickness is equal, the 
standard deviation o. of a has little re- 
lation to the height of the layer. 

(6) Against every region and every month, 
the law 4H-c,2=invariant is found ap- 
proximately. 

(7) In this way, a method of estimating 
statistically the refractive index of the 
air has been obtained for optional re- 
gions from radiosonde data. 

(8) By means of geometric optical analy- 
sis, fading range and air refractive index 
distribution are statistically connected 
quantitatively. 


These results are believed to be widely 
applicable to not only Japan but to any re- 
gion where radiosonde observation is carried 
out. 

The author wishes to thank his collaborat- 
ors in the Radio Propagation Research 
Section of the ECL. He is also indebted to 
members of the Meteorological Agencies. 


Appendix 


(1) Two Variables Following respectively 
Gamma-distribution and Beta-distri- 
bution 


Suppose that x and y respectively follow 
Gamma-distribution function fy(x) and Beta- 
distribution function f;(y). Where, 
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If the distribution function of the inde- 
pendent product z is shown by f-(z), f(z) is 
as follows: 
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If v+l=m,+mm, Eq. (2) becomes 
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Gi) Two Variables Following Gamma- 
Distribution 


Suppose that 2 and y respectively follow 
the Gammac-distribution functions, that is 
f(x) and F,(y). If the distribution function 
of the independent product z is shown by 
f-(z), the cumulative distribution function 
F(z) 1s obtained by the following equation: 


F,(%) = \f@ dz 
ye n+2 Ne C21tme-F 
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(iii) Two Variables respectively Following 
the Logarithmic Gaussian-Distribution 
and Gamma-Distribution 
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Suppose that x and y respectively follow 
the logarithmic Gaussian-distribution f, (x) and 
Gamma-distribution f;(y) as next equation: 


il _Goge x/%m)? J] 
fox) al De tg 
(9) 
E q+ 
I Dee 
1G) Remy. « 


The cumulative distribution function F,(z) 
of the independent product z=xy is as 
follows: 
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The integral term of Eq. (6) is K. W. Wagner’s after-effect function. 
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Accordingly, by Wagner’s expression, Eq. (6) is shown as 
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Interference Waves in Waveguide Transmission 
and Intermodulation Noise in FM System for 
Waveguide Communication’ 


Kazuhiro MIY AUCHIt 


In the circular waveguide transmission line for long distance communication, echo dis- 
tortion is caused by interference waves which are produced by mode conversion-recon- 


version and multiple reflection. 


This paper deals theoretically with the characteristics of 


the interference waves and the intermodulation noise caused by these waves in a frequen- 
cy-modulation system for the transmission of a frequency-division multiplex telephone 


signal. 
modulation notse level are also examined. 


1. Introduction 


In this paper some characteristics of fre- 
quency modulation communication through 
waveguides are described. 

It is considered that there are two possible 
modulation methods—pulse code and frequen- 
cy modulation—for waveguide communication. 
It has not yet been concluded which of these 
two modulation methods is better. Pulse code 
modulation is undoubtedly superior for very 
long distance communication, because it keeps 
out noise accumulation in the long chains of 
repeaters and therefore does not require 
highly precise waveguides. However, there 
is the possibility of applying frequency modu- 
lation to medium-long-distance communication 
because of the simplicity of the terminal and 
repeating devices. 

The ability to manufacture suitably precise 
waveguides at reasonable cost is required for 


* MS received by the Electrical Communication Labora- 
tory, on October 3, 1960. Originally published in the 
Kenkyt Zituyoka Hokoku (Electrical Communication 
Laboratory Technical Journal), Vol.10, No.4, pp. 
587-627, April, 1961. 

Hyper-frequency Research Section, 


—- 


The effects of system design parameters and waveguide parameters on the inter- 


the construction of frequency-modulation 
systems, but at present it has not been 
quantitatively determined how precise the 
waveguides must be. One purpose of this 
paper is to report an estimation of the pre- 
cision necessary for waveguides which are 
used for frequency . modulation transmission 
on a frequency-division multiplex telephone 
system. 

Larsen‘? discussed this problem for some 
simple cases. But the results of his treatment 
cannot be applied to the case of large modu- 
lation index which is considered to be practi- 
cal, and the presence of spurious modes 
except TE: is not considered correctly , more- 
over the insertion of mode filters is not dis- 
cussed. 

In this paper, general approximation formu- 
las for echo distortion, which can be applied 
to the case in which any spurious mode is 
present and any modulation index is used, 
are deviced. Approximation formulas for 
waveguide lines with mode filters are also 
derived. 

In the course of deriving the distortion 
formulas, it is necessary to examine the 
characteristics of interference waves produced 
by mode conversion and reconversion phe- 
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nomena in multimode waveguide lines. Some 
properties of the interference waves are dis- 
cussed in Section 2. In the case: of the trans- 
mission lines with two propagating modes it 
is possible to treat the interference waves 
fairly correctly. For that case, the power 
sum law relationship between the interference 
waves is examined, and an approximate error 
is discussed for the case when only the inter- 
ference waves converted twice are considered, 
and then the mean delayed power spectrum 
of the interference waves is derived. 

The above-mentioned results have been 
derived for a two-mode transmission line with 
discrete mode coupling, but they are appro- 
ximately generalized to the case of many 
modes with continuous mode coupling. The 
condition for the generalization is considered 
approximately. 

After these treatments, the total powers of 
the interference waves are calculated, and 
echo power due to signal mode reflection is 
compared with the power of interference 
waves due to mode conversion and _ recon- 
version. The mean delayed power spectrum 
of the inierference waves in waveguide lines 
with mode filters is calculated. 

In Section 3, the results obtained in Section 
2 are applied to calculate the intermodulation 
noise appearing in the multiplex telephone 
signal due to the interference waves. In this 
calculation the echo distortion formulas given 
by Albersheim,® Scafer, Medhurst,“ and 
Small are multiplied by the mean delayed 
power spectrum of the interference waves, 
and then integrated with respect to the delay 
time. 

Using these intermodulation noise (or echo 
distortion) formulas, the effects of spurious 
mode attenuation and frequency deviation on 
the intermodulation noise level are examined. 
To calculate the waveguide tolerances allow- 
able for frequency-modulation communication 
through multimode waveguides, the relation 
between the waveguide deformation and mode 
conversion must be known, and _ allowable 
maximum intermodulation noise level for 
practical communication systems must be as- 
sumed. 


The values of the mode conversion coef. 
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ficients at the junctions of circular waveguides 
have been calculated in many papers,‘?»“?* 
but little is known about continuous con- 
version. Therefore in this paper the calcu- 
lations are restricted to discrete mode coupl- 
ing at the waveguide junctions. 

As to the allowable intermodulation noise 
level, practical values of system design para- 
meters are assumed, and the noise level which 
satisfies the recommended standard of the 
C.C.LR. is calculated. 

After these preparatory calculations, allowa- 
ble tolerances for copper-pipe waveguide lines 
and helix waveguide lines are calculated. 

Calculations for waveguide lines with mode 
filters are more complicated, but the methods 
used for uniform waveguide lines are appli- 
cable. Intermodulation noise formulas are 
calculated and allowable tolerances for helix 
waveguide lines with mode filters are also 
calculated. 


2. Characteristics of Interference Waves 


2.1. Interference Waves in a Trans- 
mission Line Having Two Propa- 
gating Modes 


Here we will consider a straight transmis- 
sion line made of many waveguides having 
random mode conversion. It is assumed that 
there are only two propagating modes. 

N waveguides of nearly equal length are 
connected in cascade, and mode conversion 
is assurned to be present only at the N+1 
junctions including the junctions to the input 
and output mode excitors. 

The length of each waveguide is J,, ds, - 
--, ly from input to output. We assign the 
numbers 0, 1, 2, ----, N to each junction 
point in the same order. The propagation 
constant of the signal mode TX, is 7i..and 
the propagation constant of the spurious mode 
TX. is 72. We let S; and k; be mode coupl- 
ing coefficients between the same modes and 
between the different modes respectively at 
the 7-th junction. 


If the influence of the reflection at the 
— 


Noda: unpublished paper. 
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junction is neglected, signal amplitude of the 
TX, mode at the output is represented by 
the summation Of Vy, pi, ------, Pw: G1, Ga ; 
qv) of equation (1) 


V( Do, pi, ree , Pv 3%, U py O ’ qv) 
= SP) SA bide -- 0 Sy pw)eybo-k p21 
A aduGsS kybnee-n1hd—qi).e-7w2C1—G2). ererayerere 


ee rilw—qw)ee-r2ligieg y2leq2e ....-. eg 72lnqn. 


Q) 


Where p; and gq; are parameters which take 
the value of 0 or 1. Parameter p; is set to 
0 if V of equation (1) corresponds to the re- 
ceived signal which is converted from one 
mode to another at the z-th junction, and set 
to 1 if V corresponds to the received signal 
transmitted with the mode unaltered through 
the z-th junction. Parameter gq; is set to 0 if 
V corresponds to the received signal which 
is transmitted with the TX, mode through 
the ith waveguide, and set to 1 if V corres- 
ponds to the received signal which is trans- 
mitted with the TX; mode through the 7-th 
waveguide. 

In order that equation (1) represents the 
amplitude of the TX, signal mode at the 
output of the waveguide line, two condition 
must be satisfied: 


PosPare "= +py=an even integer, (2) 


and 
Di=VA—-qi1) +A-GQ) diss 


= (Git Qis1) —20iQi+1 (3) 


where g) and qw+; are defined as zero. 

In this paper the expression “main wave” 
means V, in equation (1), which is transmitted 
through all waveguides with the TX; mode; 
and “interference wave” means V, in equ- 
ation (1), which is transmitted through more 
than one waveguide with the TX: mode. 

We define two variables and m for the 
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interference wave: is the number of wave- 
guides in which the interference wave is 
transmitted with the TX, mode, and m re- 
presents the number of the mode conversion. 


Representation corresponding to the main 
wave is 


= Gye Sye ores ee oSyyeenriltegmrilas vases eon 
= S.e-aL.g-jiLl 4 
where 
n=a1+j6i ©) 
BERG rane Se (6) 
L=h+h+--++ly. @) 


a, and §,; are the attenuation and phase 
constant of TX, mode. S is the main wave 
attenuation caused by the excitation of the 
unwanted TX, mode. UL is the total length 
of the line composed of N unit waveguides 
(Z; in length). 

We let Wo, pi, , PN 31, Ja , Qn) be 
the amplitude ratio of the interference wave 
to the main wave. 


W (do Pr, 00000) Pw 5 Mt a, ON) 


SAG ee Des Gis Qa se qn) 
V(O, 0, «+++* COOL Of ees: a0) 


(BP (EY nn (Ber 
AS) S; sy) 


-@ Arliqie-Ayleq2e..s.e06 e Arlngn (8) 


where 
Ay=r2-71:- 


In the waveguides of good mechanical ac- 
curacy S; is considered to be almost equal to 
1. Equation (8) is rewritten as: 


Who, fi, Pee ) Pn A Chi psyPorrce ? qu) 


=k,bo-kihs einaabielers Rybn-e Aria tleqet wachine +lwqn) 
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Sometimes W is called the “interference 
wave” in place of V in the present paper. 

Using Wo, pi," PDN Uy Fay , qn), the 
amplitude of the TX; mode received at the 
output of the waveguide line is represented 
ack 


T=Senlilee Dy WCpe Pi, = Pr; 


(Ohi Uppy CPO , qv) J (10) 


where the summation extends over the com- 
bination of po, pi, 0-7 SPN 3 Qi Qt ,qn, SO 
long as they satisfy both equations (2) and 
(3). 

We define some partial sums of equation 
(10) as follows: 


UN, n, m)= Da W po, pr, ee ’ Dy ; M1, q2 pan qn) 
pot pit ee +pn = even number m 
Qitgater: +qn = n 
(1) 
ON, n) = & UN, 1, m) (12) 


where [x] means the largest integer which 
does not exceed x. 

We let the number of terms in the right- 
hand side of equation (11) be C(N,n,m), 
which is shown in Appendix 2 to be as 
follows: 


CN, n,M)= ni (m|2)-1-N-n41© m] 2. (13) 


Where we assume that oC is equal to 1, 
and the other ,C,’s having no meaning are 
equal to zero. 


We will consider J, is slightly different from 
the standard length /. 


AL ==. (14) 
Equation (15) is rewritten as: 


W (Po, Ps, Sr ) Dy > 1, Opp, operine ; qv) 
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=k,bo+kyp1 Print RybnveeArnl 


-e-ArAhqit+Aleget+----+Alwgn), (15) 


Ay is the difference of propagation constants 
of the two modes TX: and TX. 


Nifes Moist fAp (16) 
Aa=a.—-aQ QD 
AB=—2— Ar. (18) 


Usually Al; is very small and Aa is much 
smaller than Af, so the exponent of the last 
factor in equation (15) is rewritten as: 

— Ay (Al,q, + Alago+-*::- +Alyqn) 
= —jAB(Al,q; + Alegn +:+++*+ +Alypy). (9) 


Accordingly, we get: 


W bo, re eS eae Py 7 G4 -Gay coo , qn) 


=fyloeRPiereeeeee Rybnveevrnl 


-@ JABAhgi +Aleget+---- +Alvqn), (20) 


We will separate the factor e477! from W( pp, 


pr, Se cy , Py Ball bie: Choon > qn), UCN, n, m), and 
UN, 1). 
W( Bo, Pir Pw 5 G1, G25 **77*, Int) 
=e Ainlw(po, Pi, ares ’ Py ; qf, Gays ase ’ qn) 
(21) 


UN, n, m) =e-4rnluCN, n, m) (22) 
UCN, n) = e Arnln( N, n). (23) 
That is 
W( po, Pi, 2 oe , Pv 3, Q2, ii , qv) 
=hybo+ RiP... Ry bn 
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O65 Py OeO +qNn = n 
(25) 
aN, n) = 2 UCN, n, m) (26) 
AG ares 2p Ae) 
It may be considered that w( po, p,, «++ PN: 
N11, Garmin qn), uCN, Nn, m), and ucN, n) vary 


only slightly in the narrow frequency band 
which is used for the transmission of a com- 
munication signal. Therefore, if we rewrite 
equation (10) as equation (27), the frequency 
characteristics of each term in the later are 
represented only by e-Arl, 


N 
T=Seri{ 1+ v e-AmlacN, n) | 
n=), 


N 
= Sent(1 ak a e sAbnle-Aanly (N, n)). (27) 
n=1 


Each term of the summation in equation 
(27) represents the amplitude ratio and phase 
difference of the interference wave to the 
main wave. 

Now we will discuss the frequency charac- 
teristics of the interference wave in equation 
(27). Expanding Afml in a Taylor series 
around the center angular frequency of 
the signal band, we obtain 


Apul= CAP onl +[ at 2 nl(w@—) 


0w wo 


2(AB) 
foe ae) nl(@— Wy)? +++ ‘ 


00" a9 


Equation (28) represents the change of 
signal form which has been carried by the 
interference wave in the transmission through 
the multimode waveguides; the first term 
corresponds to the phase shift of the carrier, 
the second term corresponds to the group 
delay, and the others are factors contributing 
to wave form distortion. 

There are many studies concerning the 
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effects of the phase shift and the group delay 
of the interference wave on the signal dis- 
tortion when the interference wave is received 
with the main wave. On the other hand, 
the effect of the waveform distortion of the 
interference wave on the signal distortion has 
not been treated directly. In practical treat- 
ments the influence of the waveform distortion 
of the interference wave is usually neglected. 
Therefore in this paper we will represent the 
characteristics of the interference wave only 
with the phase shift and group delay. 

The phase shift of the carrier consists of 


AB (Alig, + Alegs++++++ + lwvqw) 


in equation (20) or (24), and of the first term 
in the right-hand side of equation (28). 
Group delay time ¢ is given as: 


= 2D nif 20 — 


=ni( 1 4 \=nle.—t) (29) 
Ve On 


6 


where 


Vg, Vge=group velocity of the TX, and 
TX, modes 

1,7 =group delay time of the TX, 
and TX, modes per unit length 
respectively. 


Now we consider the average characteristics 
of the interference waves for an ensemble of 
waveguide lines having statistically identical 
constructions. We assume that k; and Al; in 
equation (24) are all random variables, and 
their statistical characters are defined as: 

(1) k and Al; are all independent random 
variables. 

(2) All k’s have the same probability dis- 
tribution; mean value is zero, and 
standard deviation is ox. 

(3) All Als have the same probability dis- 
tribution, and mean value is zero. 

We will define the covariance between two 
different interference waves as follows; 
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Where the asterisk and bar indicate complex 

conjugate and ensemble average respectively. P(acN, n))= & PlucNn, 2, m)). (35) 
The average power of the interference wave m= 2, 4, 6p, 2 NAL 

is identical with its amplitude variance, which 

is defined as follows: 


PCW (Po, pr; BSA Pn 5 1, qQ2, ae eK , qv) J 
we eS SS eee 
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It is easily seen that the covariance be- aon cy eqtaton oe ( 23) and (29) i ie vS ‘arn 


tween two different interference waves re- average power of the interference waves hav- 


duces to zero, if we take account of assump- ing the group delay time of nl(c.—7,) be- 
tions (1), (2), (3), and equation (24). comes P(aCN, 2))}+e72en!, 
Using these results we can derived the 


‘ Each term in the summation of equation 
power sum law for the interference waves: 


(27) can be considered to represent the re- 
lation between the average power and the 
group delay time of the interference wave. 
This relation is sketched in Fig. 1. 


PLW (do, Pi; veer , bn 5%, Gos catuciestie , qn ) 
+W( po’, py’, aka ’ py’ 3a', qo", pe tam , qn’) 


+Wfro”, Dis Ci aba , py” ; qn", qe”, ae aac , qn”) 


Aes sae J 
=Pl(W( ho, pi, cea , Pw 4, q2, ieee , qv) J ae 
+PLW( pv’, bi’, ener ? by’; aq’, Q2, ict ’ Gn’) J 5 
am 
+PL W do", iG Beets ’ Py” ; a", Qo", a ae ’ Qn”) 2 
Tree }. (32) Pa 
The average power of w, uw, and 7 indi- 
cated in equations (24), (25), and (26) are re- 
presented as: 0 ey sa t 
1(t2—7)) 
PlLW( Po, Pi, Oar ,Pnv 3%, Q2, re ears , Qn) }=o%2™ | D | ti 
elay time 
(33) 
Fig. 1—E ] 
dee eer ie on ee mean delayed power 
* 


Standard deviation ox is defined as: 
ie In this paper we call this relation the 


mean delayed power spectrum” of the inter- 


Where the asterisk means complex conjugate, and ference waves. 


the bar means ensemble avera 3 
ge. In the practical treatment it is convenient 
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to define the mean power density of the 
interference waves per unit delay time in 
order to compare the interference waves 
caused by different spurious modes. 


_ PAW, n)) 


li t2—71| 


Dp —¢ Phen, (36) 


Though P{# UN, )) consists of the number 
of interference wave components, it is possible 
to derive its approximation formula, if a con- 
dition is satisfied between ox and N. We 
will derive this approximating condition here. 

Comparing the successive two terms in 
equation (26), we obtain. 


PLU, n, 27) ) 
PCUuCNn, n, 2r—2) ) 


(nm—r+1)(N—1—r42) pret 
r(r—1) . 


yp) 


where we have m=2y, because m is an even 
integer. 

It is assumed that N>>1; therefore the 
maximum value of equation (37) with respect 
to n and7 is approximately 1/8 N’ox+. There- 
fore, if this value is sufficiently small it is 
possible that Pf#(N,u)] is represented only 
by the first term. That is, 


PCAN, nYJ=ox4(N=n+1), oxt< +. (8) 


Equation (38) means that if the mode con- 
version coefficient at the junction is sufficient- 
ly small we can neglect the interference waves 
which are converted more than twice. 

Using equation (38) we rewrite equation 
(36) to the representation for the average 
power density having the delay time from ¢ 


to t+dt. The result is shown as: 
Cet he t 
— T2—T1 (ea eeey 
PY) I to=8;)* - 4 e271 
(39) 
where 
P=(N41))/lG@2—71). (40) 
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I” equals approximately the delay time differ- 
ence between the TX, and TX, modes for 
the total length of the waveguide line. 

The situation discussed here has been for 
the case of a two-mode transmission line in 
which the spurious mode is single and not 
degenerated. Practically this situation corres- 
ponds to helix waveguide transmission lines 
in which the interference wave due to the 
TE o2 spurious mode is dominant. On the 
other hand, in copper-pipe waveguide lines, 
the interference wave due to the TE;:; mode 
is dominant, and the TE,, mode has even- 
odd degeneration in the circular waveguide; 
therefore, this must be treated as another 
case. 

Treating this situation, we can assume that 
there is no mode conversion between the 
spurious modes. If the independence between 
the coupling coefficients from the TE); to the 
even and odd spurious modes are assumed 
together with assumptions (1), (2), and (3), 
we can derive the same formulas as in the 
the non-degenerating case. C(N, n,m) is modi- 


fied as: 
CW, 2, 0) 2 2 nC Gu aeten enti cme CAL) 


Approximate variance of U(N,n) becomes 


PCAN, ny}=2ox4(N=n41), ox'& (42) 


Mean delay power spectrum becomes 


eo Ny Me 
be O<- l < JL. 


P(t2—7 1)? Com Cy Te 


(43) 


Now ox used here is the standard deviation 
of the coupling coefficient to the even or odd 
spurious mode (i.e., the standard deviation of 
the rectangular component of coupling coef- 
ficient vector), but as it is usual that the 
standard deviation of the amplitude of the 
coupling coefficient vector is known, we will 
derive the formulas using it instead of ox. 
We let the amplitude of the coupling coef- 
ficient vector be K, and its polarization angle 
be 0. We will calculate the standard deviation 
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of the rectangular component of the coupling 
coefficient vector assuming that K and @ are 
independent random variables «and that the 
distribution of 9 is uniform. 


P(K,) = (Keos 0) = 5 PK) (44) 
P(K,) = Kandy = PE) (45) 


where P{x] indicates the variance of -, and 
the bar indicates the ensemble average. 

P(K,] and P(K,) are the same and equal 
to ox?; P(K] is the amplitude variance of the 
coupling coefficient vector. Setting P(KJ= 
ox,a, we obtain: 


BOK? = OK,a°. (46) 


Using equation (46), we can rewrite equ- 
ations (42) and (43) as: 


PiGn my oN. 2)! 


Z 
Lexsa*|l ft] =e 
i= = —24a t2—71 4 
PO = Fe ena, 3) 
t 
WSs, < 
(IE 


2.2. Generalization of the Results 
of Section 2.1. 


In Section 2.1. we treated waveguide trans- 
mission lines with two propagating modes 
and derived the power sum law between the 
interference waves, and discussed the appro- 
ximation error which must be taken into 
account when we neglect the interference 
waves converted more than twice. 

In practical circular waveguides there are 
many spurious modes, and their treatment is 
not easy. Therefore, we will assume the 
power sum law between the interference 
waves and will discuss a simple model of 
multimode waveguides to get a rough esti- 
mation of the approximation error which 
must be taken into account when we neglect 
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the interference waves converted more than 
twice. 

There are x propagating modes including 
the signal mode. Mode conversion is present 
at N-+1 junctions between these x propagat- 
ing modes. We assume that the conversion 
coefficients are all independent random _vari- 
ables having zero mean value and the same 
standard deviation ¢. The mode attenuation 
constant is neglected in order to simplify the 
treatment. 

We let the variance of the interference 


wave converted m times be Pm. Then we 
obtain: 
Pa=viln Ga eo m>2. (47) 


Comparing P,, and Pn_, for m>2, we obtain: 


Pm mm NFL) 


s = ING Die 
1G = Dice NN ee 
(oar (x-l)a’< 3 a’. 


(48) 


If we let the average total power converted 
from one mode to all the other modes at a 
junction be AP; then AP equals (x—1)o”. 
Therefore, the right-hand side of equation 
(48) is rewritten as: 


NG@e—De? 
= dg = Mie (49) 


Though the value shown in equation (49) 
is derived for a simple model of a multimode 
waveguide line, it may be used to furnish 
information about the approximation error 
when we take only the twice converted inter- 
ference waves. If we calculate equation (49) 
for the practical case, its value is observed 
to be so small that we may conclude that 
the approximation with only the twice con- 
verted interference waves is also applicable 
to the case of many spurious modes. 

Thus far, we have treated multimode trans- 
mission lines with discrete mode conversion. 
The following discussion is concerned with 
the case of continuous mode conversion. As 
the treatment of multimode transmission lines 
with continuous mode conversion is difficult 
if we consider the general case, we will make 
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the problem easier by means of the following 
assumptions, and will derive the same for- 
mulas as in the case with discrete conversion. 
We will consider a waveguide attached 
to its right-hand or left-hand junction as a 
unit element of the transmission line. We 
will assume that the mode conversion coef- 
ficients from the TE); mode to the spurious 
modes in these unit elements are independent 
random variables having zero as the mean 
value. And for straight waveguide lines with 
discrete and/or continuous mode conversion 
we make the following assumptions: 
(1) Covariance between two different inter- 
ference wave is zero. 
(2) Total power of the interference waves 
converted more than twice is negligibly small. 
For these assumptions the characteristics of 
the interference waves are treated with the 
same method as used in the case with only 
discrete mode conversion. The mean delayed 
power spectrum becomes continuous in trans- 
mission lines with only continuous mode con- 
version, but becomes a mixture of discrete 
and continuous spectrums for the case of not 
only discrete but also continuous conversion. 
Representation of the mean delayed power 
spectrum as indicated in equation (43) is 
available for all cases with the assumption 
that ox must be considered as the standard 
deviation of the mode conversion coefficient 
per unit element of the transmission line. 


2.3. Total Power of the Interference 
Waves 


As a twice converted interference wave is 
concerned with only one spurious mode and 
the power sum law between the interference 
waves is assumed, the total power of all 
interference waves received at the end of the 
transmission line is represented as the sum 
of the power of every set of interference 
waves which belong to every spurious mode. 

The power of a set of interference waves 
which belong to a spurious mode having no 
degeneration is represented as: 


N ‘ 
[P= Se ont N—n+1je Aan (50) 


n=1 
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from equation (42). 
We will assume: 
N>1 (1) 
2nal <A, Dia NFA yie> 1. (52) 
Then equation (51) is rewriten as: 
4 N2 
pee iiss. fi 
2A Cy 
where 
A =AaL (Naper). (54) 


Calculating tor the spurious mode having 
even-odd degeneration we obtain 


Ox,a*+ N? 


4A 


c= (95) 


It must be noticed that P represents the 
average total power of the interference waves 
with respect to unit power of the main wave. 


2.4. The Influence of Echo due to Signal 
Mode Reflections 


Up to this point the influence of mode re- 
flection at the junctions of waveguides has 
been neglected. The reason is as follows: 
The spurious modes which produce _inter- 
ference waves of considerable power level are 
of comparatively low order. The ratio of 
transmitting coupling coefficient to reflecting 
coupling coefficient from the TE); mode to 
these low order spurious modes is greater 
than about twenty in practical waveguides.* 
Therefore, if we consider the interference 
wave due to transmitting coupling coefficients 
is a small quantity of the first order, the 
interference wave due to reflecting coupling 
coefficients (i.e. echo wave) can be considered 
to be a small quantity of the second order. 

But here is an exception. The level of the 
interference waves produced by multiple re- 
flections of the signal mode (TE); mode) is 


* For example, waveguide diameter 51mm, operating 
frequency 50 Ge. 
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considered to be a small quantity of the first 
order. Therefore, we must examine their 
power level to determine whether they can 
be neglected or not.* 

We will treat only those interference waves 
(i.e. echo waves) reflected twice. 

In place of equation (27), we obtain 


T=Se“2(14+ Yj e *rnlin, n)) (56) 


where the variance of U(N, ”) is (N—n+er’, 
the covariance between two different UCN, 2) 
is zero, and cp is the standard deviation of 
the reflection coefficient of the signal mode 
at the junction of the waveguides. 

Delay time of the interference wave is re- 
presented as: 


pa oe. Ole (57) 


Ug 
where 


B=phase constant of the signal mode 
l=length of unit waveguide 
=group velocity of the signal mode 
t=group delay time of the signal mode 
per unit length of waveguide. 


Mean delayed power spectrum is 


Coal Nal Senet 
Line 8) 


PD) = 
and total power of the interference waves is 


oR ING 
2A 


f= (59) 


where 


a=attenuation constant of the signal 


mode 
"=e 
ALO 


L=total length of the waveguide line. 


* Larsen has already treated the influence of the ski 
reflection. This discussion is similar to his treat- 
ment, but the results are somewhat different. 
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We will calculate the value of equation 
(59) for a practical case and will compare it 
with equation (53) in the case of interference 
waves caused by TEo:-TEo2 conversion-recon- 


version. 


DCee20dem -total length of waveguide 
line 

N= 20008 se the number of unit wave- 
guides 

fo—d0 Ge --carrier frequency 


-diameter of waveguide 
-standard deviation of the | 
radius difference at the 
junction of waveguides. 
Referring to Appendix 6.1., we obtain 
P (reflection) ----—114dB from equation 
(59) 
P (conversion) ---:— 27 dB from equation 
(53). 
Where P (reflection) indicates the total power 
of the interference waves caused by TEp: 
mode reflections, and P (conversion) indicates 
the total power of the interference waves 
caused by TE ,-TEo2 conversion-reconversion. 
As P (reflection) is very much smaller than 
P (conversion), we can neglect the interference 
waves due to signal mode reflection in the 
practical treatment. 


26S eran 
o;=0.1 mm-:--: 


2.5. Effects of Mode Filters on the 
Mean Delayed Power Spectrum 


We will consider the characteristics of inter- 
ference waves in a waveguide line with mode 
filters. We let Ay and Jy be the attenuation 
and spacing respectively of the mode filters. 
Assuming the power sum law between the 
interference waves, we obtain the mean de- 
layed power spectrum: 


ALP —t| ( @+))Atuct 
ft) = Ore ef Bae se 
Put Pic [ Atu 


t—7Aty 
oe A 


=i a t 
= ——C 24u Je 27 Ame” 2hag (60) 


(for spurious mode having no degeneration) 


_ Ox,a*|—t| (Ht Aty—t 
PD = See Sy ae 
( ) 20° Ac? ( Aty 
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baton 


i At 


ae = t 
e 2Au Je 2n Ame 2hax— (61) 


(for spurious mode having even-odd degener- 


ation) 
where 
reese 
Aty a 2) 
NG Nel ae (63) 
=O, ly A wa , N-1 


As it is complicated to treat the general 
case, we will discuss only the case of suf- 
ficiently large Ay. In this case it is sufficient 
to take only the first term of equation (60) 
or (61). It is assumed WN is very large, so we 
can consider 


[> |Ate| or L > Ly. (65) 


Then equation (60) or (61) can be rewritten 
as: 


eel Ate =o 


DOSS recgeaire e~ hay (66) 

= Gx,a'|l | Aty—t a ae 
CO opis a (67) 
(ee ee (68) 


Integrating p(t), the total power of the 
interference waves is given: 


ox I | |Ator 
PAC 2 


ax*N?* 


De Boa 


(for spurious mode having no degeneration) 


ox,at\D| (Atu| 
DEN 2 


oxat+N® 


a = OOK NGS 


(70) 


(for spurious mode having even-odd degener- 
ation) 

where Ny is the number of waveguides be- 

tween two adjoint mode filters, and we have 

assumed 


Dill 
Atay 
Ae = == Veli, = DINING: K WN (Gab) 
lu 
Nig Ss Ss (72) 


l 


Comparing equation (69) or (70) with equ- 
ation (53) or (55), we obtain a representation 
for the reduction factor of the interference 
wave power due to the inserting of mode 
filters: 


jane a I Oat: (73) 


3. Echo Distortion in Frequency 
Modulation Systems 


3.1. Derivation of the Echo Distortion 
Formula 


Here we will apply the results of Section 
2 to calculate the intermodulation noise which 
appears in the frequency division multiplex 
telephony channels when waveguides are used 
to transmit these channels with frequency 
modulation. 

The intermodulation noise, which is caused 
by the interference waves in the waveguide 
transmission line, has the same property as 
the distortion caused by the echo (i.e. echo 
distortion). Therefore we will call it also 
“echo distortion.” 

The distortion formulas of a single echo 
are given at the point where the test tone 


level is 0 dBm as:“” 


De Batrgtorf{1— a | [mW (74) 


o) i 2 
p, = seinevair— 2 (L)}, cmwy 
(795) 
Desi, Goan) (76) 
(for the highest frequency telephone channel) 


where 
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D,=approximate value of the second-order 
distortion for the short delayed echo. 
D,=approximate value of the third-order 
distortion for the short delayed echo. 
s»o=approximate value of the total distor- 
tion for the long delayed echo. 
r,=quadrature component of the echo. 
rp=in-phase compnent of the echo. 
r=V7¢+7,=amplitude ratio of the echo 
to the signal. 
t=delay time of the echo. 
o=r.m.s. frequency deviation of the multi- 
plex telephony signal. 
w=angular frequency of the carrier. 
f=center frequency of a telephone channel. 
fr=center frequency of the highest fre- 
quency telephone channel. 
K=function of o/f, given by Medhurst.‘” 


As the mean delayed power spectrum of the 
interference waves in the multimode wave- 
guide has a great many of spectral com- 
ponents, and these components may be con- 
sidered to have random phase relation with the 
main wave, we will average equations (74) 


Fig. 2—Values of K given by Medhurst. 
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and (75) with respect to carrier phase, and 
will sum them up to get an expression for 
the total and average distortion due to a 
short delayed single echo. 


Fa raw 9 9 if 
Dia De Antrttatp*{ (1 > 7 


ss ato? 1 — > ( - \t). (77) 


For simplicity, we will treat only the echo 
distortion which appears in the highest fre- 
quency telephone channel. 


Ds = 2etttotfne(1+ 4 atta? or (78) 


De hea (79) 


Though equations (78) and (79) are valid for 
very short and very long delayed echos re- 
spectively, we will also use them for medium 
delay time in order to simplify the treatment. 

That is, we will define characteristic delay 
time ¢. which satisfies 


Deo = Dy (80) 


and will use equation (78) for ¢>t, and 
equation (79) for tt... The error caused by 
this approximation is considered to be smaller 
than about 3 dB. 

To calculate the echo distortion due to a 
set of interference waves, we will replace 7° 
with p(t), which is defined in chapter 2, and 
integrate equation (78) or (79) with respect 
to ¢. We obtain 


te te 4 
d; = | Dat = [i 2cttope(1+ 3 rho! )p(at 
(82) 
1h i 
ax= Di = | K°*p(t)dt. (83) 
te te 


Where d is the total distortion power due to 
a mean delayed power spectrum of the inter- 


VOLUME 9, NUMBERS 5-6, MAY-JUNE, 1961 


ference waves, and d; and d> are distortion 
components due to interference waves for 
t<t. and t>t, respectively. The unit of d, 
d;, and dz is milliwatts. 

Equations (82) and (83) are rewritten as: 


if te a | 
t= a 5 ; | {aatospt| “Het ar tat 
an sy tothe? \; “bert ee at| (84) 
pir ox*(|I"| —t) ee | Aa 
d= \ KO age ee dt = (85) 


f és te Aa 
Cc ae afl to? a dt 


+p atathis| f8e-2 a0 | dt (86) 


ios edt (87) 


Oe lat) 
2 ? 
\. oe 2PAr? 


where equations (84) and (85) are for spurious 
modes having no degeneration, and equations 
(86) and (87) are for spurious modes having 
even-odd degeneration. In equations (84) and 
(86) we have used the approximation: 


a (88) 
because t<?t. <|I’|. 


We will define a function E,,(a) as follows: 
BO) = (n+ 1)| wend (89) 
0 


Where a is a non-negative number and x 
is a positive integer. Characteristics of E,(a) 
are examined in Apperdix 6.3. 

The factor in braces of equation (84) and 
(86) is written as R. Using equation (89), 
we obtain 


Re QB (2| 5° te) +0: E25 Fete), 90) 


where 


one 
Q,= 2 42 245 
ea Opn le (91) 
Q, = 8 6g4f, 2f,7 
2 = 1 mo*fn, Gale (92) 


Equations (85) and (87) can be calculated as- 
suming: 


{ 


2|P'|- a =2A>1 (93) 
| 
ote (94) 
Ae 
eli" < e (95) 


Then we obtain 


Aa 


(Me | Ae 
\, (P| petted = 2 


Ae 
Az te. (96) 


Summarizing the results derived here, we ob- 
tain 


eee ox’+N 
aie 1) Ac| CL 
K? ‘N Gi 
oa BEN eth 


for spurious modes having no degeneration, 
and 


Be fi0 
d 
‘91 Ac| oe 
CR a OW) =feel 
ds il, ins (100) 


for spurious modes having even-odd degener- 
ation. 

Using the same method as in the mode 
conversion and reconversion, the formulas for 
the signal mode reflections are calculated as: 


d, = ae 5 (101) 
hel 
2 4 

oe rad LE OR ys (102) 
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where R is defined as: 
R= Qu,(2t) + QE(2) (103) 


as in equation (90). 


3.2. Effects of Spurious Mode Loss 
and Frequency Deviation on the 
Distortion Level 


Before the treatments of these problems, we 
will first examine how much frequency de- 
viation is required for practical communi- 
cation. 

We will take an example of noise allot- 
ment which satisfies the C.C.I.R. recommen- 
dation of 1954*, and will calculate the mini- 
mum frequency deviation required for satis- 
fying it. 


Total noise ( thermal noise, 
—57 dBm —60 dBm 
(per 280 km) | (per 280 km) 


interference noise, /nonlinear distortion 
—70 dBm —71.4dBm 
(per 280 km) (per 280 km) 


intermodulation delay distortion 
noise, —63 dBm 
er 280k 
(per 280 km) e a 
echo distortion 


—63 dBm 
(per 280 km) 


Where these values indicate the allowable 
noise power at the point where the test tone 
level is 0 dBm. 

The thermal noise power appearing in a 
telephone channel through transmission of a 
repeating span is given as“): 


= pael f i} (104) 


DE (£«) ti 
a 


where 


* Total transmission length: 2500 km, 


Transmission length between modulator and demodu- 
lator: 280 km, 


Allowable average noise power per telephone chan- 
nel: 7500 pW. 
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K=Boltzmann constant, 1.37107” 
joule/°K 

T=absolute temperature of system 
(22398) 

b=bandwidth of each telephone chan- 
nel=3.1 ke 


KTb=1.24X107'* mW= —139.1 dBm 
Fy=noise figure of repeater 
Pr=received R.F. power 

f=center frequency of telephone chan- 

nel 

Sy=r.m.s. frequency deviation corres- 

ponding to the test tone level 


For simplicity, we will consider only the 
highest frequency telephone channel in a 
frequency modulation system without empha- 
sis. 

Rewriting equation (104), we obtain: 


fi (Go )Pn 
Fy 
Here we will assume:* 
Ee cide (106) 


N 


for a repeating span of 20km. As the allow- 
able thermal noise is 


Drn = —71.46 dBm 


for a repeating span of 20 km, we obtain 


30 19) on So= O13275. 


oe (107) 


Or, if we use the number of telephone chan- 
nels N., 


Sy = 0.528107? M., (so in Mc) (108) 


where 


This assumption corresponds, for example, to a trans- 
eee power of 20 dBm, transmission loss of 45dB 
or a 20km repeating span, and a noise figure of 25 


dB. Therefore, it is considered that Pr/Fy of —50 
dBm is a fairly conservative value. 
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fn =4X103N, Cr in Mc) (109) 


o, which is the r.m.s. frequency deviation of 
multiplex telephone signal, is related to sy 
and N, by‘: 


=15+ logio Ne 
C= So X10 920 —— Sov No 


5. 62 ott) 


Then, using equation (108), we obtain: 


6 =9.41K10-°Nes. (o in Mey A111) 


Or, if we use @, which is the peak deviation 
of multiplex telephone signal, we obtain: 


@ = 3.550 = 3.34x10-*Ne> (112) 


or, 


a 


e = 0.0834 oN. = 1.32 /f; - 


h 


(113) 


As the r.m.s. or peak deviation calculated 
here is considered to be the minimum de- 
viation required for satisfying the thermal 
noise requirement of equation (104), in the 
present paper we will call them the minimum 
r.m.s. or minimum peak deviation of the 
system. 

Furthermore, in order to get a rough esti- 
mation of band requirement, we will assume 
that the bandwidth required for transmitting 
a frequency modulated ratio frequency signal 
is given by: 

B= 3(26+2fr) (114) 
including the guard band. 

Now, we will consider the characteristics 
of the parameters appearing in the equation 
of echo distortion. 

K is a function of @/f, given, in Fig. 2, 
by Medhurst for @/f,<5. For the large values 
of 6/fn, we can use Albersheim’s formula. 


K=5, (4) “exr( -2. 6(/3-) } 
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fora ee (115) 


Furthermore, for @/f,>10, equation (105) is 
approximated by: 


kes (3) (116) 


and ¢, is the characteristic delay time which 
satisfies 


Ke Date o%fie( 1+ Heo! | (117) 


from equations (78), (79), and (80). 
Rewriting equation (117), we obtain 


CG )k a 2 (ato) 1+ <Cnt.0)? 


(118) 


As the left-hand side of equation (118) is 
function of only o/f, or B/fn, tea is considered 
to be function of only o/f, or @/fr. This re- 
lation is calculated numerically and plotted 
in Fig. 3. 


0.2 


OX — = 4 


01 10 00 1000 
B/ ty 


Fig. 3—t.0~B/f,. 


The relation of Fig.3 can be rewritten to 
the relation between t.f, and 8/f, because 
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tefin=teo) fie (to )3. sor 


o 


Fig. 4 shows this relation. 
When 


B >a (119) 


nt.o <1, ra 


equation (118) can be approximated by 


a. 31o(2 + (120) 
Sh 
or 
Pep 2, a (121) 
i 
We will consider Q, and Q.. From equ- 
ations (91) and (92) we can write: 
rey 2s 7). ony (122) 
3 
LOS 132 ) Go (123) 


Therefore, f,Q, and f,Q. are functions of only 
B/fr. Their values are calculated in Fig. 5. 
For sufficiently large @/f:, we get: 


frQs = 8. 16( & ee 


h 


(124) 


Os 8 “Cone (125) 


Now we will consider the characteristics of 
the echo distortion, taking advantage of the 
formulas calculated up to this point. 

For copper-pipe waveguides, Aa is so small 
for the main unwanted modes that we can 
consider roughly: 


Aa ; 
(2) te) =A 

Aa : 
B(2 Ac te) = 1 
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te a 
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0.1 
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Fig. 4—t.fa~B/fn- 


BLE, 


Fig. 5—/,Q, and FrQ2~B/fr. 
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Furthermore, in the case of small Aa, it can 
be observed that d,; is smaller than ds in 
practical circular waveguides. Then, neglect- 
ing d;, we obtain a rough approximation for 
the total distortion d: 


d= Ke:ax*:N_ ___ for spurious modes hav- 
21 Aa ing no degeration 
(126) 
di ereK.':N for spurious modes hav- 
AlAa ing even-odd degener- 


ation. 


(127) 


For large @/f,, equation (126) or (127) is 
proportional to (@/f,)-3, because K is pro- 
portional to (@/f,)-1-5. 

For waveguides of large Aa, for example 
for the case of helix waveguides, we can as- 
sume 2|Aq@/Ar|t. is sufficiently large. Then we 
obtain 


ha | > iaipAaal sme : 
B(2 i t) Ss ( < 1] (128) 
| Aq | erenle\he 
B(2 —\— = QI ( Ne 


| Ar be 
from Appendix 6.3. 
Therefore we can consider 


te) (129) 


d, > dz 


Aa Aa 
Q.Bs(2|-5 te) > QeB(2/ 


1) 


And the total distortion d is given by: 


vie ox*-N fp __, for spurious modes _hav- 
Ac ing no degeneration 
(130) 
d= Okt Np .,, for spurious modes hav- 
2) Az! ing even-odd degener- 


ation 
(131) 


377 


where R is given by: 


R= 11.68%? 


Aa |~ 
ie (132) 


It must be noticed that the effects of attenu- 
ation difference Aa and frequency deviation 
@ on the echo distortion are different accord- 
ing as Aq is very large or very small. When 
Aa@ is very small, d is proportional to Aa™! 
and @-*. On the other hand, when Aa is 
very large, d is proportional to Aa~> and 6>. 

In helix waveguides echo distortion caused 
by spurious modes other than TE), is much 
reduced because Aa is very large for these 
modes. We will examine how much Aa is 
required for practical helix waveguides. In 
Fig. 6, equation (90) is calculated as a function 
of |Aa/Ar|. In the calculation we have as- 
sumed that /,=8 or 16 Mc, and peak deviation 
takes minimum value given by equation (112). 
Waveguide diameter is 51mm, and carrier 
frequency is 50 Gc. Arrows in Fig. 6 indicate 
|Aa/Art| is for spurious modes in the copper- 
pipe waveguide. The spurious modes, which 
cause the greater portion of the distortion in 
the coppar-pipe waveguide and can be elimi- 
nated in the helix waveguide, are thought to 
be TE,. and TEs. modes. Because |Aa@/At| is 
about 10°? Np/mys for these modes, we ar- 
rive at the following conclusions from Fig. 6. 

In helix waveguide having Aa 100 times 
as large as copper-pipe waveguides is used 
the echo distortion may be made much 
smaller. 

Or, if we define a new parameter & for 
waveguides other than copper-pipe waveguides 
ass 


£ [Aq] 

; [Ae Jeopper ey 
it is said that € must be as large as 10? in 
order to make the echo distortion sufficiently 
small. 

Here we will calculate some examples nu- 
merically, and examine to what extent the 
approximate formulas (126), (129), and (131) 
are valid in the case of practical circular 
waveguides. 
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Fig. 6—Effect of |Aa/Art| on R, fy=50 Gc, 2a=51 mm. Arrows indicate |Aa/At) ofmodes 
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Fig. 7—d,, ds, and d due to the TE, mode, 
as-astunctions of 6. f5=50 Ge, f= 
5m, frx=16 Mc, @=84.5 Mc. 


Fig. 8—d,, dz, and d due to the TE;2 mode, 
as a function of &. fy=50 Ge, = 
Sm, fr=8Mc, @=29.9 Mc. 
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Figs. 7 and 8 indicate the echo distortion 
due to the TE,, mode where the abscissa 
indicates €, and frequency deviation takes the 
minimum value as indicated in equation (111) 
or (112). In these examples, while d, is much 
larger than d, where € is close to 1, d, is 
much larger than d, for large &, and d is 
proportional to é-®.or [Aa]-> for €>10. 


ZO rT 


al 


=100 | | 


0.1 1 10 00 : 1000 
B/t, 
Fig. 9—Effect of frequency deviation on echo 
distortions jo—50 Gc, 15m, — fp, — 


8Mc, 2a=5l1mm. _ Distortion due to 
the TE,. mode is illustrated. 


Fig.9 shows the effect of the frequency 
deviation. The echo distortion due to the 
TE,: mode is calculated with respect to B/f, 
from 1 to 100 and for three values of &: 1, 
0 and 100; 

When &é is 1, dz is much larger than d,, 
where @/f, exceeds 10, and equation (127) is 
utilized. Therefore, distortion power is pro- 
portional to (8/f,)~? and (Aa). 

When é is 100, d; is much larger than 
d>, where @/f, does not exceed 10, and equ- 
ation (131) is utilized. Therefore, distortion 
power is proportional to (@/f,)? and (Aq)~. 

Generally, echo distortion due to a spurious 
mode varies with the peak deviation @ in 
the following manner: the curve of echo dis- 
tortion vs. § is mountain shaped. On the 
right slope, distortion due to long delayed 
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interference waves dominant and almost pro- 
portional to (A@)-! and @-*. On the left slope, 
distortion due to short delayed interference 
waves is dominant and almost proportional 
to (Aa)-> and 6. 


3.3. Allowable Tolerances for Copper- 
Pipe Waveguides 


In circular waveguides which are used for 
long distance communication, there are many 
spurious modes. 

At the present time the spurious modes 
which are considered to be harmful to signal 
transmission are: 

TEon group, TE, group, TEs, group 
where the TM,, mode is excluded because it 
has the same phase velocity as the TE); mode 
and cannot produce interference waves. 

TE), modes are excited by the TE); mode 
through waveguide junctions having a diame- 
ter difference. 

TEin modes are excited by the TE); mode 
through waveguide junctions having either 
tilt, offset, or both. 

TE>, modes are excited by the TE); mode 
through waveguide junctions having elliptical 
deformation, 

Mode coupling coefficients due to these 
deformations are shown in Appendix 6.1. 

We will calculate the echo distortion due 
to each spurious mode as a function ox or 
ox,a. Here we will assume: 


fr=D0GC aa carrer sirequency, 
2a=5l1mm....waveguide diameter 
Dee uns oe length of unit waveguide 
L=20km ....total length of transmission 
line 
N.=2000 or 4000....number of telephone 
channels 


. bandwidth of multi- 
plex telephone signal. 


(p= 0 Mic or lG Mc; 


In Fig.10 and 11, echo distortion is illus- 
trated as a function of ox or ox,a, where peak 
deviation is set to the minimum value indi- 
cated in equation (112). To show a practical 
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Fig. 10—Echo distortion appearing in top tele- 
phone channel due to spurious modes 
in copper-pipe waveguides, 

Ne=2000, fr=8 Mc, £=29.9 Me, 
f=5m, 2a=51mm, L=20km. 


x inm.s. tilt of 10° 1Ev5 TEs TEs 


o inm.s. offset of 0.1mm Ei 
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Fig. 11—Echo distortion appearing in top tele- 
phone channel due to spurious modes 
in copper-pipe waveguides. 

N-=4000, fr=16 Mc, 2 =84.5 Mc, 
l=5m, 2a=51 mm, L=20km. 
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example, echo distortion due to mode con- 
version at junctions is indicated by ©’s and 
x’s where 
standard deviation of junction tilt 
=10 minutes 
standard deviation of junction offset 
=0.1 mm 
standard deviation of radius difference 
at junction =0.1 mm 
standard deviation of elliptical defor- 
mation junction =0.1 mm. 

Because we have not sufficient data to treat 
the case with continuous mode conversion, 
we will discuss only the case with discrete 
mode conversion at the junctions. Then it 
is observed that the~ TEo2,-TE,2, or TEs: 
modes produce the larger portion of the dis- 
forlionminethe DE,,., “DEy,, <and TE:, mode 
groups. The other modes produce only a 
small portion of the distortion, because the 
TE,, and TE; modes have very large 
ZiNo Melt, “and the -I Kg.) TEoy,.- += -; TE,, 
TEs, ----, TEs3, TEs, ----modes have very 
small conversion coefficients. 

The relation between d, and ox or ox,a 
for the main three modes is as follows: 

For N.=2000 

TEs: 10 logiy dz = 40 login ox,a +51. 6 
TEs: 10 logiy d2 = 40 login ox,a +47. 2 
TEo2: 10 logio dz = 40 login ox +56. 4. 

For N.=4000 

TE,2: 10 logio dz = 40 logy ox,a +49. 8 
TE22: 10 logio dz = 40 login ox,a +45. 7 
TE 2: 10 login dz = 40 logiy ox +53. 9. 

Allowable echo distortion per repeating 
span is —74.5dBm, if we use the example 
of noise allotment shown in section 3.2. We 
will distribute —74.5dBm to the three main 
modes as follows: 

TE.,: —77.5dBm 
TE: —80.5dBm. 

We have alloted 3dB more power to the 
TE,» mode than to the other modes, because 
the interference waves of the TE,2. mode are 
produced by two mechanisms—offset and tilt. 
Then we obtain Table 1, which illustrates 
the allowable standard deviation of mode 
coupling coefficients when copper-pipe wave- 
guides are used for transmitting multiplex 
telephone signals with frequency modulation. 
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Table 1 


ALLOWABLE STANDARD DEVIATION OF MODE 
COUPLING COEFFICIENTS AT WAVEGUIDE 
JUNCTION WHEN COPPER-PIPE WAVEGUIDES 
ARE USED FOR TRANSMITTING MULTIPLEX 
TELEPHONE SIGNALS WITH FREQUENCY MODU- 
LATION 

2¢=5 om, = 5 oy L = 20 ap = 50. GG 


& is selected to be minimum frequency deviation 


Ne=2000, fu=8Mc | Ne=2000, fr=16 Mc 


TBs oK,a=5, 89x10 oxK,a=6. 60x10 


TEx: oK,a—6, 45x10 oK,4=6, 92x10 


TE: ox=8. 80X10-4 ox=4, 36104 


We have larger allowances in the case of 
4000 channels than in the case of 2000 
channels. The reason is that @/f, is larger 
in the former case than in the later case. 

When we calculate waveguide torelances 
using Table 1, we must take care of the 
case of the TE,;,; mode. Mode conversion be- 
tween the TE), and TE,: modes is caused 
by two mechanisms—offset and tilt. Because 
these two mecanisms can be considered to be 
independent of each other, we obtain: 


ox,a° (tilt) +ox,a? (offset) = ox,a?(total). (134) 


If we allot equal tolerance to the offset and 
tilt, we obtain: 


ox,a(tilt) = ox,a(offset) = 4.1710 
for N.- = 2000 

ox,a(tilt) = ox,a(offset) = 4.67 10-4 
for N. = 4000. 


By referring to Appendix 6.1., we can ob- 
tain Table 2 for allowable tolerances of 
waveguide junctions. 

The tolerances in Table 2 are very small. 
We can conclude that it is very difficult to 
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Table 
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ALLOWABLE STANDARD DEVIATION OF 
WAVEGUIDE TOLERANCES AT JUNCTION 
WHEN COPPER-PIPE WAVEGUIDES ARE 
USED FOR TRANSMITTING MULTIPLEX 
TELEPHONE SIGNALS WITH FREQUENCY 

MODULATION 
2a=51mm, /=5m, L=20km, fy=50 Ge 


B is selected to be minimum frequency deviation 


use copper-pipe waveguides for frequency 
modulation communication with minimum 
peak deviation. 

We will now discuss the case of larger 
peak deviation. Waveguide tolerance increases 
with 6° in copper-pipe waveguides, because 
echo distortion decreases with @-* for large 
@ and increases with ox* or ox,a‘. 

Calculating the tolerances of tilt and offset 
Jor N.-=2000, we obtain Fig. 12 (a). 

In Fig.12(b), the length of a repeating 
span and bandwidth required for transmitting 


Ne= 2000 Ne= 4000 ‘ : 
a frequency modulated radio frequency signal 
are illustrated. The length of a repeatin 
Standard deviation of 0.17’ 0. 20’ are ‘ 8 : ©P 8 
TancHOn lk span is increased with the increase of peak 
frequency deviation because of equation (104). 
Se he ae a ds From Fig. 12, we may obtain some _infor- 
junction offset Pete cas mation to compare frequency modulation with 
pulse code modulation. A pulse code modu- 
Standard deviation of lation system suggested by S. E. Miller‘® has 
ee de- 1s 2 Las a bandwidth of 500Mc and bit rates of 
160 Mc. It permits transmission of 10 Mc of 
an baseband information, i.e., two television 
Standard deviation of A : ; : 
radius difference at 6.2 p righ signals of commercial quality or approximate- 
junction ly 2000 telephone channels. If we take a 
bandwidth of 500Mc in Fig.12, the peak 
frequency deviation and the length of a re- 
peating span are observed to be 75 Mc and 
OF 100 
a ie 2 
re Y og 
pa) = 
ee 1 ao 
mS) 8 3 
Sh eaee (| iC. 
ime) = =I sw 
ge + ee D 
n 2 Og § bas] 
wo © wy op) O 
Tey BS} A og 
: 26 
2 ==) Cie / 5 FS 
<6 <5 
0.1 alll = 
ie ee 
10 102 S) 
Peak Frequency Deviation, B (Mc ) 
(a) Allowabl 


Fig. 12—Frequency modulation transmission of multi 
pipe waveguides. 


(=a 5 


€ waveguide tolerances for large frequency deviation 


plex telephone signal through copper- 


Case of large frequency deviation. Sn=8Mc, 2a=51 mm 


50 Ge. Signal mode loss is assumed to be 2dB/km. 
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Length of a Repeating 
L (Km) 


Bandwidth of aradio frequency 


FM signal 
Ane 
Span 


oO 
= 
i 


Peak Frequency Deviation, @ (Mc) 


(b) Bandwidth and repeating span for large frequency deviation. 


Fig. 12 —Frequency modulation transmission of multiplex telephone signal through copper- 


pipe waveguides. 


Case of large frequency deviation. 


fr=8Mc, 2a=51 mm, 


l=5m, fo=50Gc. Signal mode loss is assumed to be 2dB/km. 


24km respectively. Furthermore, standard 
deviation of tilt and offset at each waveguide 
junction must not be larger than 0.2 minute 
and 8.5 microns respectively. We have little 
knowledge about the waveguide tolerances in 
the case of pulse code modulation, but they 
are thought to be much larger than in the 
case of frequency modulation. 


3.4. Allowable Tolerances for Helix 
Waveguides 


We will assume that the influence of the 
spurious modes other than the TEp, group 
of modes is negligibly small compared to the 
echo distortion in helix waveguides, because 
Aa can be made sufficiently large for these 
spurious modes. 

Figs. 10(c) and 11(c) are also applicable 
to helix waveguides under the same conditions 
as in section 3.4. 

We will attribute all echo distortion power 
to the TE. mode because the contributions 
of the TE 3, TEos::::modes are very small. 

Furthermore, we will use the standard de- 


viation of waveguide diameter op in place of | 


the standard deviation of radius difference of 


waveguides at junction a; to show the wave- 
guide tolerance. The relation between op and 
05 1Se 


1 
FOE Joy (135) 


Therefore we can obtain ox from the follow- 
ing equations: 


10 login d2=40 logiy ox +56. 4 

for N.=2000 
10 logio d2=40 logiy ox +53. 9 

for N-.=4000 
10 logio d2= —74. 5. 


ox is rewritten as os or op referring to 
Appendix 6.1 and equation (135). The results 
are shown in Table 3. 

The results in Table 3 are for the case of 
minimum peak deviation given in equation 
(112). For the larger peak deviations we 
get the larger waveguide tolerances. 

In figure 13, op is calculated as a function 
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Table 3 
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ALLOWABLE TOLERANCES OF HELIC WAVE- 
GUIDES WHICH ARE USED FOR FREQUENCY 
MODULATION TRANSMISSION OF MULTIPLEX 
TELEPHONE SIGNALS 
2a=51mm, /=5m, L=20km, fo=50 Gc 


& is selected to be minimum frequency deviation. 


Se ae 


Allowable standard deviation 

of coupling coefficient at| 5.37X1074 | 6.17x10™% 
junction 

Allowable standard deviation 126 a Lasse 


of waveguide diameter 


Allowable Standard Deviation 
of Waveguide Diameter, op(micron) 


10 
Peak Frequency Deviation, 2 (Mc ) 


103 


Fig. 13—Allowable tolerance of helix waveguidss 
for large peak frequency deviation. 


of @ for N.=2000. Figure 12(b) is also appli- 
cable to the case shown in figure 13. 

The allowable standard deviation of wave- 
guide diameter becomes about 22 microns 
when we take @ of 75 Mc, which is ae 
taken for the example in section 3.3. which 
compares frequency modulation with the pulse 


code modulation. 


3.5. Suppression of the Echo Distortion 
with Mode Filters 


We have discussed the characteristics of 
interference waves in waveguide lines with 
mode filters, and calculated the mean delayed 
power spectrum of these interference waves 
in section 2.5. 

Here, we will discuss the suppression of 
echo distortion with mode filters when the 
waveguide line is used for the frequency 
modulation transmission of multiplex  tele- 
phone signals. 

To simplify the treatment, we will assume 
that the insertion loss of the mode filter is 
sufficiently large, that is, 


Ay — ©. (136) 


Then, using equations (66), (67), (81), (82), 
and (83), we obtain 


Tae eR) 


(for spurious modes having no degeneration) 
and 


Ox,at>N 


da, = 
91\Ar| 


R, 47, Sen 


2 31| Ar] R, (138) 


(for spurious modes having even-odd degener- 
ation) 


where 


R,= (az(2 ae | te) 


Sey te Aa 
6 | Nig a.es(2|4% te) 


) 


te Aa 
Atay o.e(2|4% 


Aa 
ar Qube 2 | xe 


4 


R, = Ke Ats| Ea(2|c* | Btw) 


tc) (139) 
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— tEa{2| = |te) — SS tn(2| ae 


2, Ac \Atw\) 
2 
ie B,(2 Aa 


t.)) (140) 


2| Atar| Ac y, 
For 
0 < te < |Atarl. (141) 
And 
oe A 
R= (Git(2/ | atu ) 
~ 6 FOB (2 
S [a 
=F GaE(2 5 ||Atu! ) 
i A 
= = ebs(2| | | Ata ) (142) 
Rer= 0. (143) 
For 
0 <|Aty| <t (144) 


Q1 = Latatfi2| M8 ae as Fathi? | Mul" 
(146) 


Aty = Achy (147) 


where Jy is the spacing of the mode filters. 


When there are no mode filters, we set 


and obtain: 


A 
Peedi fe, QE(2 5 t.) 
i} 


| Ataz | +00 


t.) (148) 


eAa| 


+ Q.B(2| 


1 | Ac 
R,l-] = lim Ro = sles 
z ie Za ha 
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= iS Ar ele 149 
Oe ives jae (149) 


Naturally equations (148) and (149) agree 
with the results in section 3.1. 

When Aa is small and @/f, is not very 
large, we can determine /y satisfying 


a 
2|— 5 || Abel = 2Aaly <1 (150) 


(Atel = hel (151) 


Then equation (142) is approximated with 
Ki Qi+ — ©: Gls) 


Neglecting @2, and by means of equation 
(146), we get a roughly approximate formula: 
R,==0. 5156°f,?|Atx|5, 0 < |Atw| < te. (53) 


For large @/fn, equations (139) and (149) are 
approximated with 


= Q14Q) 58175 -(2)" (154) 


=3 


eee = © |Atw| 5 =e. Ga Atwl (455) 
Neglecting R, we obtain: 


Po RR, ae li Male (cise) 


h 


We will use equation (153) to discuss the 
characters of waveguide lines with mode 
filters, because the insertion of mode filters 
has a large effect only when Aa is small and 
B/fr is not very large. 

We will define a suppresion ratio H in 
order to compare the echo distoriion before 
and after the insersion of mode filters. 


S24 2 
H= B= 1. 03dede- 21s 57) 
2 


where we have assumed that Aa is so small 
that we can consider 
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| 4a |fe 
e “| de | =I. 


Equation (157) is valid for 0< |Atu|<te. We 
will define a characteristic spacing /- which 
is the largest J satisfying the above re- 
striction. That is, 


pee. (158) 


Table 4 


H AND J. FOR MAIN SPURIOUS MODES 
IN COPPER-PIPE WAVEGUIDES 
N-=2000) fr—o Mc, B=29.9 Mc, 
in—oUlGe, 2a—51 mm 


Mode H/ly? Ip=te/ | Ac| 

TEx. 5.2107? (km~*) 0.74km 
TE: 44 0, 16 

TEx: a), J 0, 34 

TEo3 Sty Sede 0, 105 

TE oe 1.8 0, 294 
TE3 BA Sele 0. 100 

TFo.4 stil GY Sa? 0, 050 

ae 2,24 10° 0. 027 


In Table 4, H/Iy> and J. are calculated for 
the eight main modes in a circular waveguide 
with diameter of 51mm when the carrier 
frequency is 50Gc, f, is 8Mc, and 6 is 
29.9 Mc. 

It can be observed from Table 4 that the 
insertion of mode filters has a large effect on 
the low order modes with moderate insertion 
spacing, but has little effect on the high 
order modes unless the insertion spacing is 
very small. 
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Fig. 14—Relation between echo distortion and 
spacing of mode filters in helix wave- 
guides. Mode filters are assumed to 
absorb power of TEo2, TEos, TEou, -- 

- completely. N-=2000, f,=8 Mc, 
@=299Mc, 2a=5lmm, fo=50 Ge, 
[=55mn. 22 Olio T.m.s. radius 
difference at junction: 0.1mm. 


In Fig. 14, the relation between the dis- 
tortion and the spacing of the mode filters is 
calculated for the TE), group of modes in 
the helix waveguide line. Calculations have 
been made approximately with equations (149) 
and (153). 

From Fig.14 we can derive the relation 
between the waveguide tolerance and the 
spacing of mode filters in the helix wave- 
guide line. The spurious modes other than 
TE), are not taken into account here. The 
results are shown in Fig. 15. 

Though the allowable standard deviation 
of the waveguide diameter increases as the 
spacing of mode filters decreases, it is not 
practical to use very small spacing, because 
signal mode loss and signal mode reflection 
due to mode filters can not be ignored when 
a large number of mode filters is used. 

If we take the spacing of 500m for a 
practical example, the allowable standard de- 


viation of waveguide diameter becomes about 
29 
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ILLUSTRATIVE EXAMPLES 
waveguide diameter: 51mm, length of unit waveguide: 5m, carrier frequency: 50 Ge 


ee EE eee 


F Peak frequency Occupied Spurious mode to | : 
Waveguide deviation bandwidth be considered WENA) UBIGEAaG 
Copper-pipe 30 Mc 228 Mc TE r.m.s. junction tilt: 0.17’ 
: r.m.s. junction offset: 5,0 yu 
Copper-pipe 75 Mc 500 Mec Te ome ea es S 57 
Helix 30 Mc 228 Mc Eee eae - 
Helix 75 Mc 500 Me TES eo ee 
Helix, with TEjyn mode a Standard deviation of 
filters of 500m spacing oo Me 228 Me te diameter: 25 
plex telephone signals has been calculated 
ae fF | theoretically. Also, the allowable tolerances 
Bae 1 of waveguide geometry for frequency modu- 
ge | | lation communication have been estimated. 

o | . . . 
2 | a Typical examples from the calculations in 
ss aa al peat this paper are illustrated in Table 5. 

Se = = a eS It is thought that the use of copper-pipe 
© & - : oe ae waveguides for frequency modulation com- 
Se val munication is very difficult, because highly 
a 5 ia a ° * . 5 < 
a nut mode | | precise waveguides and waveguide junctions 
| filters 5 alas ee co : : é 
0.015, 1O0h ne Olen are required. Helix waveguides are more 


Spacing of Mode Filters, ly 


Fig. 15—Waveguide tolerance of helix wave- 
guide line with TEon mode filters. 


N-=2000, fr=8 Mc, 
Za= > lemm\- of 50) Ge: 


4. Conclusion 


8=29.9 Mc, 


The characteristics of interference waves 


produced by mode conversion and recon- 
version in waveguide communication lines 
have been discussed, and the echo distortion 
caused by the interference waves in the 
frequency modulation transmission of multi- 


promising, and fairly large diameter tolerance 
is allowable if large frequency deviation is 
used. But it is considered from the point of 
signal transmission that large diameter toler- 
ance cannot be allowed because the increase 
of signal mode attenuation due to mode con- 
version becomes very large if the waveguides 
have poor construction. 

The effect of mode filters on the echo 
distortion has been discussed. The insertion 
of mode filters which absorb the power of 
spurious modes other than TE), was not dis- 
cussed in detail, because it is considered 
practical to use helix waveguides which are 
superior to copper-pipe waveguides with these 
mode filters. 
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Appendix 6.1. 
Mode Conversion Coefficients at the 
Function of the Circular Waveguides 


An example of helix waveguide line with 
mode filters which could absorb the power 
of the TE), spurious modes was calculated, 
and it was observed that large waveguide 
tolerance is allowed in this example. But 
this case is also not practical because we 
could not realize the concrete construction of 


a: radius of circular waveguide 
2: wavelength in free space 

4,, wavelength in the waveguide 
y: eigenvalue of the mode 


these mode filters up to date. Pay sa 

There are many eccieas to be solved in Li, i]: indication of TEi,; mode 
millimeter wave communication research. For Lae indication of TMi,j mode : 
example, even in frequency modulation com- r oe pameseee ss epee 
munication, the research of the distortion due Mae oi ec ERS a a0 lars 
to waveguide bends and mode excitors, the ROL parse sro feteey ae 
realization of delay equalizers, and the experi- a nee oe ce geet 
mental verification of the theoretical investi- oe A one pee a pane net 
gations should be made in the future. (0.1) reflecting coupling salen eae See 


*“ Gi) TEs: mode to TM,,; mode 
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application of frequency modulation theory. 


pee x x 
Ba, i == J 2 mA0,1] pe (10) = abel s 
s VC mI—1 Cp —2t1nD? 


Table 6 (a) 
CASE OF SMALL TILT 
Bu,n] 
| | 
/ | | 
Mode | Wan | IN p | TE: | Wyn | TE: 4° Stee sche | TBs 
| | | | | . 
| 
Bun] | 0, 295 | 0, 489 0, 0432 | | | 
| 0.0432 0. 0134 0.00596 | Wel 
| | 0.00320 0,00192 | 0.00125 
| | 
Table 6 (b) 
CASE OF SMALL TILT 
‘ gf pou 
Jv , = = 1 
Toe Ir ae 2a=5l1mm, 4=6mn, tilt of 1 degree 
Mode | 
Ty) TB | TEs) | “TE. | TE. |) Pee alle ne T™ 
7 18 Wit 
Transmitting 
coupling 0. 0863 & | 
Se ae 0. 143 0. 0124 0.90375 | 0.00162 | 0. 000828 | 0. 000470 0. 000285 | —0, 0859 
reflecting 
coupling 1.4x10-5 | 3 ys -6| 9 7 409- 
A peligicct vox 10%" 5. 9%10°° |) 8.71078 | Wy 2210-9 | 4 a scipe 2.7X1075 | 4.81075 0 
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i a 
7, = 71. 160)——6 
ap A 


> 


tee eee 


Small offset, offset of d, ld) <1 


[0,1] A 2 d 
rs = Attna/ Heltah collie oe] ee 
R tal Agtiyn] \ Agl0,1] a 

200,11 Xt1n] Xen] 


71177 oem r= a 77 ce 
“ V2 VPonI—1 Coy —eoyn) 


seweee 


Small radius difference, radius difference 


6, |\d|<a 
[0,1] Agl0,1] + Agl0,n] 6 
Tv — SSG) 0,72] 2 
R [0,2] nae Z W Agl0yn]* AgC0,1] a 
an » “i » 
C4 = 
x [0,2] —X 0,1] 
[0,1] 1 (*~to11 \? 40°f0,1] 9 
RS — 2 
[0.1] 2 Qn a 


Fig. 16—Tilt angle of 6 radian. 


Fig. 17—Offset of d. 


Fig. 18—Radius difference a. 
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Pe ay 4, Sais 
Table 7 (a) 
CASE OF SMALL OFFSET 
Atin] 
Mode TEs TEs | TEx Thy | TEs | TEi¢ | TE, TEs 
| : | ! 
Agr] | —0, 526 1. 070 | 0.400 | 0.260 | 0.196 | 0.158 | 0, 133 | 0,114 
Table 7 (b) 
CASE OF SMALL OFFSET 
[0,1] 
7S, 2a=5lmm, 24=6mm, ofiset of 1mm 
R [1,n 
Mode TE, TEs TE, TE TE; TEx TEx. TEjs 
Transmitting coupling |_ 9 94;3 | 0.0839 | 0.0314 | 0,0204 | 0,0154 | 0,0125 | 0.0107 | 0, 00987 
coefficient : : 
Reflecting coupling 9.00017 | 0.00042 | 0.00068 0,00098 | 0.0014 | 0.0018 | 0,0025 | 0,0040 
coefficient : 
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Table 8 (a) 
CASE OF SMALL RADIUS DIFFERENCE 
Cro,n] 
Mode | TEos | TEos3 | AND TEs | TE oe | TFoz TFs 
| 
2 
Cto,n] | 1, 557 | 0. 878 | 0. 627 | 0, 492 | 0. 406 | 0, 347 | 0. 30 
Table 8 (b) 
CASE OF SMALL RADIUS DIFFERENCE 
[0,1] " 
=75 ,» 2a=51 mm, A=OGmny so— lim 
R [0,n] 
Mode TEoe TEs TEos TEs TE os TEo; TEs TEo 
Transmitting coupling | 9 g11_| 0.0345 | 0.0246 | 0.0194 | 0.0162 | 0.0143 | 0.0133 
coefficient : 
Reflecting coupling 0.000412 | 0.00072} 0.0012 | 0.0016 | 0.0022 | 0.0030 | 0.0044 | 0.000412 
coefficient 
Table 9 (a) 
CASE OF SMALL ELLIPTICAL DEFORMATION 
Di2,n] 
| 
Mode | TE; | TEs | TEs | ‘Ee | TES. | TEo¢ | 1 | TE. 
Di2,n] | 1, 448 | 0.480 | 0.200 | 0.161 | 0.125 | 0.200 | 0.087 | —0. 076 
Table 9 (b) 
CASE OF SMALL ELLIPTICAL DEFORMATION 
(0,1) 
rs, 2a=5lmm, 4=6mm, A=1mm 
Veal 
Mode TEx; TEs: AN Bias APB iy AND rE Tie iN 
Transmitting coupling 
Ree ts 0.161 | —0,0482 | —0. 0255 | —0.0179 | —0. 0139 | —0. 011 —0,010 | —0, 011 
Reflecting coupling i 
a aaa —0. 00032; —0. 00054) —6, 00086) —0. 0011 | —0, 0015 | —0. 021 —0. 0031 | —0, 0062 
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Small elliptical deformation, 


[0,1] A +A = A 
SD ee 
Agl0,1}* Agl2yn] a 


Xto,1]°%*t2,n] = 
2V X712,n1—4 7 10,11— [2.0 


Di2,n) = 


Fig. 19—Electrical deformation A. 


Appendix 6.2. 
Calculation of CCN, n, m) 


C(N, 2, m) is the number of cases when 
we select 7 selection from a sequence of N 
sections connected in cascade, and there are 
edges of these selected sections, provided 
we take no account of the point as the edge 
where the two selected sections adjoin each 
other. 

We will set 


m= 27 


because m is an even integer. 

We will consider a sequence of 7 sections 
connected in cascade, and will divide it into 
r parts. The number of these cases is: 


od orate 


These r parts are separated and the re- 
maining N—n» sections are distributed be- 
tween and sides of them. The number of 
these cases is: 


pope Gee 


Then we obtain: 
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COUN, n,m) = n—1c™ —1-N=n410™, 


Appendix 6.3. 
Characteristics of Function E,(a) 


Definition: 


1 
EG) = in| ure “du, dQ) 
0 


Here we will assume: 


Then the following equations are easily de- 
rived: 


E,(@)_> 0 for-ce >a 0 (2) 

dE a) _ _ #+i1 
Aa = n+2 En+1(@) (3) 
1) Ae (4) 


Therefore, E,(a) is 1 at a=0, and decreases 
monotonically with increasing a. 

Applying Taylor series expansion. we ob- 
tain: 


[anemdu = L eet eee 
0 ~ ntl N+2  2(n+3) 
a 
31(n4+4) ze 


Then we obtain: 


eee ee lauds \e, 
IB = MN (5 Jat 9} (ae a 


J 7 


bac n+4 


Qrieeie ss : (5) 
Equation (5) is useful for numerical calcu- 


lation for small a. 
Applying the partial integration formula, 


we obtain: 
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a a n 1 
ure-ardyu=— + unte-audu 
0 a a Jo 

We te Beet 


ae =F,(a)—-e* n=1,2,3, °° 
(6) 
and 
| e-*4*du= lses 
0 
oS (7) 
a 
for 2=0. 


Applying equation (6) repeatedly, we ob- 
tain: 


Ea . 
DO Ae aed nth if ele 


(n+1l)n(n—1) oe 


= - 


scenes 


ie (n+1)n(m—1)-++++-3-2-1 ) 


qrth e 
or 
E,(a) = ee 
a 
-eelita $ Saves tort) (9) 
n\ 


If a is sufficiently larger than nm, we can 
consider: 


Thus, we obtain the following asymptotic 
formula: 


jee ema 


qrtt z 


for n€a. (10) 


A function f(u), defined by 


|B u<0 
= (i) > il 


behaves like a delta-function at w=1, if 7 is 
sufficiently large. Therefore we obtain: 


E,@ay~G", 406 GG Gay 


E,(a) is calculated numerically for 0.1<a< 
100 and 2=0,,4, 2,-=--,8 m Fig) 20: 


1 — 
~ Hy 
= + 
\ K| | | 
107 es ope 
i / sat 
Tt - +t 
la \ | ! oo 
i eet 4 i |_| 
= \ 
al Ome a ee 
WF T r 3 an 
a ee 
ae kee ac 
| ea | 
t i \ t 1 
\\ ~ | 
1073 pa al AI 
oe — AY 
she eee AW \2 
} 7 Ve 
—__—}—_}_ ee rt 
‘ot | =a alt 
1 10 100; 


Fig. 20—Function E,(a). 
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The C8 Crossbar Toll Switching System’ 


Toshiichi MASUDA+ 


This paper describes process of the development of toll switching system and outline of 


The C8 Crossbar Toll System. 


This System has been developed for the purpose of realt- 


zation of Nationwide Customer Toll Dialing Service. It has resister function of dial code 
information and it 1s a common control system of a maker type with four-wire talking path. 


Introduction 


In order to realize the nationwide sub- 
scriber dialing plan, it is necessary to establish 
an automatic charging system for long-dis- 
tance non-delay calls, and thus to promote 
the expansion and automation of intertoll 
trunk networks economically. 

The C8 system descrbed in this paper is an 
automatic toll switching system that has been 
developed for the above purposes. As a result 
of its invention, an effective way to mechanize 
transit switching has become feasible. 

The C8 system is a common-control system 
of the marker type with four-wire talking 
paths. The design of the system was started 
in 1953, and was completed in 1959 with 
the cooperation of the Nippon Telegraph and 
Telephone Public Corporation and the Nippon 
Electric Company, Ltd. 

The first installation was put into service 
at the Sendai Toll Office in November, 1959. 
Presently, larger scale installations are being 
instllael first in Osaka and then in Tokyo 
Toll Offices. Within several years from now, 
the C8 system will be adopted at almost all 
the main cities in Japan and will be the basis 
of the nationwide dialing networks. 


a 


MS received by the Electrical Communication Labora- 
tory on 1 Aug., 1960. Originally published in the 
Kenkyu Zituydka Hokoku (Electrical Communication 
Laboratory Technical Journal), N.T.T., Vol. 10, No. 
A(T), pp. 537-586, 1960, 

Switching Section, 


—t- 


1. The Crossbar Toll System and 
Intertoll Trunk Networks 


2. The Crossbar Toll System and _ Intertoll 
Trunk Networks 

The basic principles for the future con- 
struction of telephone circuits are based on 
the following goals of service: 

(1) any of two subscribers throughout the 
country may be connected with one another 
by means of the subscriber toll dialing service 

(2) The selection dial code in the subscriber 
toll dialing service should be based on the 
simplest Universal Numbering System. 

In order to realize the above goals, it is 
necessary to establish the following plans: 

(a) zone system plan 

(b) nation-wide numbering plan 

(c) transmission loss distrbution plan 

(d) charging plan. 

From these plans, the functions which the 
switching system must perform will be evalu- 
ated. 

According to the transmission loss distri- 
bution plan, the station-to-station transmission 
performance rating is set as 49 dB to 90 per 
cent of the subsribers. Thus, the net loss of 
the intertoll trunks which are situated higher 
than the District Center are to be 0dB. And 
at the Regional and District Centers, the 
four-wire connection is introduced. 

In line with the other plans, many toll 
offices perform the automatic alternate routng 
function and the dial code register function. 
The destination code base, the code of which 
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does not have to be varied according to the 
selected route, will be used as the selection 
code between toll offices. 

The present SXS system used alone cannot 
satisfy the above conditions because of the 
difficulty of the construction of networks. 

Therefore, the crossbar system has been 
introduced as a toll switching system. 

The main characteristics and merits of the 
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crossbar toll switching system are described 
below. 

i) Since alternate routing becomes possible 
and trunk efficiency can be increased, the 
network can economically constructed. 

li) The numbering plan becomes simpler 
and the network can be constructed inde- 
pendent of the numbering plan. 

ili) There is very little noise because precious 


Amp C8 System Amp 


Car. CKT —4 
——x Pal 
Incoming 
Trunk 


Terminal Repeater 


2W = 
Voice CKT N 


2W N 
Voice CKT 


2W 
os N Voice CKT 


= 


= Outgoing 


== Trunk 


(mee Cam. CKT 


Terminal Repeater: 


ee | 2W 
ae N Voice CKT 


Fig. 1—The 4W. CKT. and 2W. CKT. in the C8 system. 


Toll center areas 


with Regional Center 


Other Toll -Center Areas 


Other Toll Center Areas 


Fig. 2—Intertoll trunks coming into and out of the crossbar toll system. 
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Table 1 


FRAME TYPE AND CAPACITY 


ee pn Note 
Frame Type Fundamental : fe 
ea Traffic (HCS) ereninal Incoming | Outgoing 
10 Frame Type]! 1 Train 2~10 6000~ 30000 200 ~ 1000 3000 3000 for small offices 
1 Train 4~20 12000~ 60000 400 ~ 2000 6000 6000 
20 Frame Type | | for medium offices 
2 Train 8~40 24000 ~ 120000 800 ~ 4000 6000 12000 | 
i & = | 
Nelerann 8~40 24000 ~ 120000 800 ~ 4000 12000 12000 
40 Frame Type |- 2 = | for large offices 
2 Train 16~40 48000 ~ 240000 1600 ~ 8000 12000 24000 
| 


metal contacts are used in the transmission 
path. Also, four-wire speech paths can be 
easily constructed so that the transmission 
design of intertoll trunks becomes easier. 

For the above reason, toll switching system 
such as the C8, C5, and C6 have been de- 
veloped. The C8 system is mainly used as a 
transit switch, whereas the C5 and C6 systems, 
with two wire speach paths, are employed 
as the incoming and outgoing switches. The 
C5 and C6 systems have the same functions. 
but the C6 system is more suitable than the 
C5 for offices with large capacities. 

In these crossbar toll switching systems, the 
outgoing route is in general identified by the 
first three or four digits of the received dial 
codes. These systems can accomodate a maxi- 
mum of several hundred outgoing routes. 
Since the selection of the outgoing trunk 
group can be performed on the full-availability 
basis the number of trunks needed in the 
office is fewer than that required in the SXS 
and other system. 

In order to economize the cost of the trunk 
equipment in the network construction, high 
usage groups and final groups are established, 
and the calls which overflow the high usage 
group are made to select the final group 
automatically. 

In these crossbar toll switching systems, 
the alternate routing generally resorts to the 


Far-to-Near Rotation Base. 

The multiple-frequency dialing system is 
adopted in the intertoll trunk as far as possible 
to increase the efficiency, to economize on 
the number of reister-sender, required, and 
to stabilize the supervisory signals. 


2. Functions of the C8 System 


The kinds of switching systems of the party 
offices to which the C8 system must be con- 
nected vary, and the sizes of the trunk groups 
range widely from large through medium to 
small ones. Since there may be frequent 
changes in the signaling condition due to 
changes in switching systems of the party 
offices, size of the trunk groups, routes, and 
transmission systems; the C8 system is con- 
structed with flexible function units. 

The C8 system has been designed with 
reference to the 4A toll switching system of 
U.S.A. It is a crossbar system of the common 
control type, with four-wire connection and 
four stages. Depending on the capacity of 
the office, the C8 system is constructed as the 
10-frame type, 20-frame type, or 40-frame 
type. The 20-frame type and 40-frame type 
can be further expanded into the 2-train type, 
which doubles the office capacity. 


The following is an explanation of the main 
function of the C8 system. 


VOLUME 9, NUMBERS 5-6, MAY-JUNE, 1961 


(1)Switching 

It can be used as a long haul transit and 
as a long haul incoming switch in the regional 
and district centers; and if CAMA system is 
attached to it, it can be used as a long haul 
outgoing switch. 

(2) Trunk 

It can be accomodated either a one way or 
both way intertoll trunk by means of the 
toll dialing. 

(3)Selection Codes 

The selection codes are the total digits used 
in the nation-wide dialing. The signaling 
type is either the multi-frequency type or 
the dial pulse type. The maximum number 
of digits which can be stored in the register 
is 8. 

The selection of the outgoing trunks is 
performed by the first three or four digits. 

(4) Transmission 

The zero net loss connection is preformed 
by means of the four-wire connection. When 
a two-wire trunk is used, attachment of a 
hybrid coil to maks it function as a four-wire 
trunk at the switching point. The PAD con- 
trol function can be added whenever neces- 
sary. 

(5)Alternate routing 

At most, the C-8 system is capable of auto- 
matic alternate routing over three routes 


3. The C8 Equipment 


The compoition and the connections of the 

C8 system will be described first. 
The transmission path is composed of the 
crossbar switch, and of incoming and outgoing 
trunks. On the other hand, the register- 
sender, the decoder, the translator, and the 
marker control the establishment of the con- 
nection in which automatic alternate routing 
etc. are carried out. 

A call through the incoming trunk, after 
passing through the sender link, seizes the 
register-sender, and sends the selection codes 
into the register-sender to be registered. The 
register-sender lets the decoder, the translator 
and the marker start, and sends the initial 
part of the selection codes into these. The 
decoder translates the selection codes into 
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Fig. 3—Alternate routing pattern. 


(1) This illustrates how the connection is made 
between the B area TC and the C area TC. 

(2) The arrows designate the direction ot the 
alternate routing, with the numbers showing its 
order. 

(3) The heavy line stands for the final group 
and the fine lines represents the high usage groups. 


operational information by means of the trans- 
lator, and sends them to the marker. Ac- 
cording to this information, the marker selects 
the outgoing trunk, operates the crossbar 
switch, and establishes the transmission path. 
The register-sender sends the selection codes 
through the crossbar switch to the backward 
offices. The approximate holding time of 
the register-sender is 10 seconds, that of the 
marker and the decoder together is 0.7 
seconds, and that of the translator 0.05 
seconds. 

Incidentally, for the purpose of stabilizing 
and prolonging the life of the equipment, 
wire spring relays are adopted throughout 
the C8 system, in common with other crossbar 
systems. Also the solderless wrapped con- 
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nection method is adopted for the same 


purpose. 

Next the outline of the main, parts of the 
equipment is explained. 

(1) Switch Frame 

The five-wire crossbar switch is used as the 
main switch. Of the five leads, four are for 
talking and the one is for holding. 

The incoming frame and the outgoing 
frame are both composed of two stages. This 
means that the whole set consists of four 
stages. 

The capacity of one frame is 100 trunks 
in the basic construction, and it is capable 
of carrying approximately 3000 HCS traffic. 


BWT A Train 


Incoming 
TRK 


When the frame traffic does not reach the 
above value because of low efficiency in the 
usage of trunks, trunk extension frames are 
further attached in order to increase the 
number of trunks to be accomodated. 

(2) Register-sender 

There are two types of the register-senders. 
One is the MF (Multi-frequency) type, the 
other is the DP (Dial Pulse) type. The former 
is connected with the MF type incoming 
trunk, and the latter with the DP type trunk. 
Both of them can send either the DPor MF 
codes. 
Selection codes with a maximum of 8 digits 
can he registered. In the future, however, 


ICFR 


Fig. 4—Fundamental connection scheme ( 


Outgoing TRK 


B Train 


Z train.) 


VOLUME 9, NUMBERS 5-6, MAY-JUNE, 1961 


this will he increased to 9 according to the 
numbering plan. 

The register-sender receives and _ registers 
at its registering part the codes sent from the 
forward offices. After the transmission path 
is completed, the necessary number of digits 
are sent through it. Furthermore the register- 
sender pre-translates the first two digits of 
the codes and decides the starting condition 
of the decoder. 

(3) Decoder and Translator 

The decoder and the translator cooperative- 
ly perform the automatic alternate routing 
function. 

The translator is a memory equipmet of 
the ring coil type. It can store about 2000 
kinds of information, which are designated 
by jumper leads. 

The decoder receives the information about 
the outgoing route which should be selected 
first. The decoder then carries out a group 
busy test on each trunk group in the first 
route. Selects the trunk group which contains 
idle trunks, acquires the information about 
that trunk group from the translator, and sends 
the information to the marker. When there 
is no idle trunk in the first outgoing route, the 
decoder automatically proceeds to the group 
busy test on the second routes. In this way 
the decoder and the translator can execute 
automatic alternate routing up to three times 
at most. 

(5) Marker 

The maker connects the necessry outgoing 
trunk groups according to the information 
acquired from the translator, using the trunk 
block connector. The maker then carries out 
the busy test and seizes the trunk which 
should be used. It also identifies the ac- 
comodated switch frame number of the in- 
coming and outgoing trunk by virtue of the 
MF type frame number identifier. The maker 
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then selects and seizes the idle link between 
the incoming and outgoing trunk operates 
the crossbar switch, and completes the trans- 
mission path 
(5) Trouble Recorder 

All trouble that are detected in the common 
control equipment are sent to the trouble 
recorder and punched into a tape. A sixty 
unit puncher is used in the trouble recorder. 
The total information capacity that can be 
punched in one cycle of operation is about 
are thousand unit. 


Conclusion 


In order to realize the nationwide subscriber 
dialing plan, a new toll switching system, 
called the C8 crossbar switching system, has 
been developed. It is a four-wire transit 
switching system using crossbar switches and 
the wire spring relays, and will be used at 
the main switching points of the long-distance 
non-delay networks in Japan. 

This system can also be connected to the 
electronic CAMA system which is now being 
devloped. When connected to the CAMA 
system, it can be used as the long haul out- 
going switch in the nationwide subscriber 
dialing service. 
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